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Abstract of a thesis submitted in partial fulfilment of the requirements for 
the Degree of Master of Applied Science 
Abstract 
Impact of Biochar Amendment on Nutrient Retention by Riparian Soils 
 
by 
Eva May Harris 
Establishment of riparian zones have the potential to reduce the effects of diffuse discharges 
of nutrients into waterways. Biochar is the carbon-rich product obtained by thermal 
decomposition of organic matter. Addition of biochar to soils in a riparian zone may improve 
the nutrient removal efficiency and extend the life of the riparian zone while sequestering 
carbon. The ability of biochar to improve nutrient retention in a simulated riparian zone was 
investigated by adding 30 t ha
-1
 of Pinus radiata biochar (prepared at 350°C) to a Templeton 
Silt Loam soil and planted with the commonly recommended riparian zone native, Carex 
secta. Four replicates of four different treatments were applied; Water only, no biochar 
(WNC), Water only, with biochar (WBC), Effluent, no biochar (ENC), Effluent, with biochar 
(EBC). Addition of effluent had significant effects (p < 0.05) on biomass yield and mass 
loading of nutrients in the subsurface drainage collected. Biochar amendment significantly 
increased the mass load of NO3
-
-N and NO2
-
-N in the subsurface drainage from effluent by 
210% and 430%, respectively, while NH4
+
-N decreased by 54%. However, there was no 
effect on TN, indicating a significant increase in nitrification. There was a 35% decrease in 
TP in the subsurface drainage mass load from EBC compared to ENC (p < 0.1), probably due 
to less macropore flow and P immobilisation by microbes. There were no signficant effects of 
biochar addition on biomass yield,  plant uptake of nutrients or on the mass load of DRP and 
DOC. In summary, addition of biochar significantly increased the rate of nitrification in the 
soil and decreased the amount of TP in the subsurface flow compared to the control.  
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Al
3+
Aluminium (III) 
ANZECC Australian New Zealand 
Environmental Conservation Council 
ATP Adenosine triphosphate 
BC Biochar  
BET Surface Area Brauner, Emmett 
and Teller surface area 
BOD5 Five-day biological oxygen 
demand  
BPRC Bay of Plenty Regional Council 
C carbon  
CEC Cation Exchange Capacity  
CO2 Carbon dioxide gas 
DRP Dissolved reactive phosphorus 
EBC Effluent Biochar Treatment 
ECan Environment Canterbury 
ENC Effluent No Biochar Treatment 
ETS Emissions Trading Scheme 
Fe
3+
 Iron (III) 
FDE Farm dairy effluent 
HTT Highest Treatment Temperature 
IN Inorganic nitrogen. Sum of 
inorganic nitrogen species e.g. [NH4
+
-
N] + [NO3
-
-N] + [NO2
-
-N] 
K Potassium 
MfE Ministry for the Environment 
N Nitrogen  
N2 Dinitrogen gas 
N2O Nitrous gas 
NH4
+
 Ammonium ion 
NH4
+
-N Nitrogen in ammonium ion 
form 
NO Nitric oxide gas 
NO2
-
 Nitrite ion  
NO2
-
-N Nitrogen in nitrite ion form 
NO3
-
 Nitrate ion 
NO3
-
-N Nitrogen in nitrate ion form 
NOx Sum of oxidised nitrogen species 
e.g. [NO3
-
-N] + [NO2
-
-N] 
OECD Organisation for Economic Co-
operation and Development  
PAH Polycyclic Aromatic 
Hydrocarbons  
P Phosphorus 
PO4
3-
 Orthophosphate ion 
S Sulphur 
SEM Standard Error of the Mean 
TN Total nitrogen  
TP Total phosphorus 
UP Unreactive phosphorus 
WBC Water Biochar Treatment 
WHC Water Holding Capacity 
WNC Water No Biochar Treatment 
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Definitions 
Biochar is the carbon-rich product obtained by the thermal decomposition of organic matter 
under a limited supply of oxygen (Lehmann and Joseph, 2009). 
Biosolids are the suspended solids removed from a wastewater treatment plant, usually 
municipal. 
Contaminant includes any substance that either by itself or in combination with the same, 
similar, or other substances, energy, or heat -  
(a) When discharges into water, changes or is likely to change the physical, chemical, 
or biological conditions of water; or 
(b) When discharges onto or into land, changes or is likely to change the physical, 
chemical, or biological condition of the land onto which it is discharged (Section 
2(1) RMA, (1991)). 
Denitrifying bacteria are bacteria are capable of dissimilatory NO3
-
 reduction, ultimately to 
N2.  
Erosion is a physical process, where soil is displaced by water and wind and transported 
somewhere else (Haygarth and Sharpley, 2000).  Nutrients adsorbed to these particles can be 
transported with them. 
Eutrophication an increase in the nutrient status of natural waters that causes an accelerated 
growth of algae or water plants (Merrington et al., 2002). 
Incidental transfer is a short-term process where rainfall removes a nutrient amendment, 
such as fertiliser or manure, soon after its application to the soil (Haygarth and Sharpley, 
2000).  
Irrigation event used in this experiment to describe the monthly addition of large volumes of 
water or effluent.  
Irrigation period used in this experiment to describe the four-weekly cycle, where 
effluent/water was added in an irrigation event, followed by three smaller additions of water 
in watering events.  
Leaching is a process where anions or cations are removed via lateral drainage from the soil 
(Haygarth and Sharpley, 2000).  Anions, such as NO3
-
, are particularly susceptible as they are 
repelled by cation exchange sites (McLaren and Cameron, 1996). 
Matrix flow implies a type of soil water movement, usually the vertical movement downward 
(Haygarth and Sharpley, 2000). 
Micropores biochar pores with an internal diameter < 2 nm (Downie et al., 2009). 
Mesopores biochar pores with an internal diameter between 2 nm and 50 nm (Downie et al., 
2009). 
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Macropores biochar pores with an internal diameter > 50  nm (Downie et al., 2009). 
Nitrifying bacteria are autotrophic soil bacteria that oxidise NH3 and NO2
-
 to NO3
-
. 
Non point-source discharge is a discharge into a waterbody not from a single point of origin. 
Also known as diffuse discharge. 
Overland flow is the pathway that describes the movement of water exclusively over the soil 
surface during heavy rain (Haygarth and Sharpley, 2000). Overland flow is also known as 
surface run-off. 
Point-source discharge is a discharge into a waterbody from a single specific site, e.g. 
stormwater outfall. 
Preferential flow is a pathway that implies a type of soil water movement, usually along the 
vertical movement along larger subsoil pathways e.g. wormholes and fissures (Haygarth and 
Sharpley, 2000). Preferential flow is also known as by-pass flow.  
Production Land Means any land and auxiliary buildings used for the production (but not 
processing) of primary products (including agricultural, pastoral, horticultural, and forestry 
products) (Section 2(1) RMA, (1991)).  
Riparian Zone permanently vegetated areas of land which are separately managed from the 
rest of a field or catchment (Muscutt et al., 1993). 
Run-off is a general term to describe the pathway of lateral movement of water off land above 
and below ground, causing a short term increase in flow at the catchment outlet (Haygarth and 
Sharpley, 2000).  
Subsurface flow is the pathway that describes the general lateral flow below the surface of the 
soil. 
Unsaturated flow is a preferential flow, occurring laterally over capped, compacted or slowly 
permeable horizons (Haygarth and Sharpley, 2000). 
Waterbody means freshwater or geothermal water in a river, lake, stream, pond, wetland, or 
aquifer, or any part thereof, that is not located within the coastal marine area (Section 2(1) 
RMA, 1991). 
Watering event used in this experiment to described the events where smaller volumes of 
water were added to all boxes between irrigation events.  
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1 Introduction 
Freshwater quality in New Zealand has been declining over the past 20 years. The most 
significant decreases in water quality occur in waterways adjacent to pastoral land where 
diffuse discharges of nitrogen (N) and phosphorus (P) to water dominate. Contaminants from 
pastoral land enter the waterbody by overland flow, subsurface flow, leaching/matrix flow 
and preferential flow with nutrients either dissolved in the water or adsorbed to sediment 
particles.  
Riparian zones are one effective land management tool for removing nutrients in these 
pathways. The soil in wet riparian zones can stimulate denitrifying bacteria, releasing N as 
nitrous (N2O) and dinitrogen (N2) gases. However, denitrifying bacteria activity starts to slow 
down at temperatures less than 10°C, reducing the effectiveness of N removal in winter. Also, 
P adsorption sites may become saturated over time, effectively making the riparian zone a 
source of adsorbed contaminants.  
Biochar as a soil amendment is a rediscovered concept and has shown promise in its ability to 
remove nutrients from pore water. Biochar removes nutrients by providing anionic and 
cationic absorption sites, stimulating denitrifying bacteria and mycorrhizal fungi and holding 
nutrient-rich pore water within the micropore/macropore matrix. Biochar can also improve 
soil structure, reducing preferential flow.  
The physical, chemical and microbial properties of biochar may enhance the ability of a 
riparian zone to remove nutrients during low bacterial activity and plant growth, while also 
extending the lifespan by providing more adsorption sites. If sourced from appropriate waste 
products, biochar amendments for this purpose may be a cost-effective and practical 
management tool for mitigating nutrient losses from pastoral land. 
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1.1 Background 
The Ministry for the Environment (MfE) summarised monthly monitoring data taken from 77 
sites on 35 rivers in New Zealand between 1989 and 2007 (Ballantine and Davies-Colley, 
2009). Five-day biological oxygen demand (BOD5) and ammoniacal-N (NH4
+
-N) 
concentrations decreased while, as illustrated in Figure 1-1, nitrate (NO3
-
), total nitrogen 
(TN), dissolved reactive phosphorus (DRP), and total phosphorus (TP) had significant 
increases. These results were particularly pronounced in rivers that had a higher percentage of 
adjacent land used for pasture (Ballantine and Davies-Colley, 2009).  
 
 
Figure 1-1: Diagram illustrating the changes in TP, DRP, TN and NO3
-
 concentrations 
in New Zealand waterways between 1989-2007 (Ministry for the 
Environment, 2009). 
The reduction in NH4
+
-N and BOD5 indicate a reduction in pollutants from point-source 
discharges. However, these benefits are overshadowed by the release of contaminants from 
non-point source, or diffuse, discharges (Ballantine and Davies-Colley, 2009).  
During this same 18 year period, the New Zealand dairy herd increased from 2.6 million in 
1989 to 5.9 million in 2009 and the sheep flock decreased from 58 million to 34.2 million, 
while beef and venison herds remained stable (Bascand, 2009). 
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1.1.1 Sources of Pollution 
Point-source discharges refer to pollutants from a single site, such as a wastewater treatment 
plant, stormwater outfalls and industrial processing wastes. Diffuse discharges do not have a 
single point of origin, but can result from overland flow, subsurface flow, preferential flow 
and leaching from urban areas, septic tanks, farm dairy effluent (FDE), agriculture and 
horticulture (Figure 1-2) (Ministry for the Environment, 2007b). 
 
Figure 1-2: Diagram illustrating the different sources and pathways of pollution into 
New Zealand waterways (Ministry for the Environment, 2007b). 
MfE attribute the increase in nutrients in New Zealand freshwaters to intensification of 
farming practices, nutrient run-off, FDE and stock grazing on and accessing water from the 
banks of watercourses (Ministry for the Environment, 2009). The Organisation for Economic 
Co-operation and Development (OECD) also recognised the impact agriculture has had on 
declining water quality in their 2007 “Environmental Report Card” for New Zealand (2007).  
Basnyat et. al (1999), Butler et al. (2008) Ileva et al. (2009), and Niyogi et al. (2007) have all 
correlated increases of intensive land use with declining water quality in adjacent waterways. 
In the Manawatu-Whanganui Region, diffuse discharges were the dominant source of 
inorganic nitrogen (IN) in 70% of rivers that did not comply with the water quality standards 
(McAthur and Clarke, 2007). 
Since the implementation of the Resource Management Act (1991), Regional Councils around 
New Zealand have encouraged the discharge of FDE to land to minimise the immediate 
adverse effect on the environment. In general, land discharges of FDE are permitted or 
controlled activities while direct discharges to water are discretionary (Appendix 1). This has 
had the effect of significantly reducing the number and effect of FDE point-source discharges, 
but increases the effect of diffuse discharges (Ministry for the Environment, 2007a).  
Table 1-1 compares the typical concentration of FDE and cow urine with other sources of 
pollution. Even when treated, FDE and cow urine have considerably higher concentrations of 
TN and TP and can have a significant potential adverse effects on freshwater when directly 
discharged into the environment or when an excess amount is applied to the land. 
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Table 1-1: Typical chemical composition of nutrients in different common sources of 
pollution in New Zealand. 
Contaminant Source TN 
mg L
-1
 
NH4
+
-N 
mg L
-1
 
NO3
-
-N 
mg L
-1
 
TP 
mg L
-1
 
DRP 
mg L
-1
 
Reference 
CCC Wastewater 
Treatment Plant
1
 
29.6 27.1 0.43 5.55 3.99 
(Christchurch City 
Council, 2010) 
Farm Dairy Effluent 
(untreated) 
283 48 2.5 36.3 19.4 
(Longhurst et al., 2000) 
(Toor et al., 2004) 
Farm Dairy Effluent 
(Aerobically treated) 
91.3   23.2  (Longhurst et al., 2000) 
Cow Urine 8800 1800  390  (Ledgard et al., 1982) 
Urban Stormwater 
(untreated) 
  0.93 0.59  (Flint and Davis, 2007) 
The high concentration of nutrients in FDE makes it an excellent fertiliser when applied onto 
land. The dominant N species in FDE is organic, making up between 79% and 95% 
(Longhurst et al., 2000). Matching plant nutrient needs through application of FDE to land 
can be difficult as mineralisation of the organic N is slow, potentially storing N until 
mineralisation conditions are favourable. If these conditions do not coincide with plant 
nutrient needs, excess N is lost through leaching (Bolan et al., 2004).   
1.2 Eutrophication and Nutrient Transfer 
1.2.1 Eutrophication 
Eutrophication can be defined as “an increase in the nutrient status of natural waters that 
causes an accelerated growth of algae or water plants” (Merrington et al., 2002). 
Eutrophication can occur naturally, but it is accelerated by anthropogenic inputs of nutrients 
into a water body (Harper, 1992). 
Carbon (C), N, P, sulphur (S) and potassium (K) are essential macronutrients that support 
aquatic life. S and K are usually plentiful, while N and P are often in short supply and restrict 
plant growth (McDowell and Wilcock, 2008).   
Anthropogenic eutrophication occurs when an excess N and P from non-natural sources, such 
as FDE, sewage systems or fertiliser applications, are available to algae naturally occurring in 
a waterbody, causing a sudden rapid growth called an “algal bloom”(O'Neill, 1998). All algal 
blooms reduce visual amenity values and can cause issues for swimmers and boats. When the 
bacteria die, they consume oxygen in a waterbody, effectively suffocating the aquatic life 
within it and reduce species diversity (Drewry et al., 2006). 
Algal blooms can be caused by several different types of algae, combined called 
phytoplankton and are seen as long filamentous growths or thick mats in waterways (Figure 1-
3). The rate of growth is dependent on the amount of sunlight, time since last scouring event, 
streambed stability, river flow velocity, grazing by invertebrates, temperature and nutrient 
availability (Quinn and Raaphorst, 2009).  
                                                 
1
 Mean February 2010 - June 2010 Results 
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Figure 1-3: Filamentous green algae cover on a stream bed (left) and thick diatom mat 
on single stone (right) (Quinn and Raaphorst, 2009). 
The TN:TP ratio determines the composition, timing and duration of an algal bloom 
(Hillbricht-Ilkowska et al., 1995). Most freshwater systems have a TN:TP ratio of between 15 
to 16 (Merrington et al., 2002). If a water body has a TN:TP ratio > 16, P will be the nutrient 
that limits algal growth. These systems are sensitive to new inputs of P. Where the TN:TP 
ratio is < 16, N will be the nutrient that limits algal growth. 
Cyanobacteria, or blue-green algae, are a common type of algae found in fresh and salt waters 
containing microcystins. Microcystin are toxins that inhibit the protein phosphatase 1 and 2a 
in the liver. Algal blooms of cyanobacteria have been known to kill dogs and stock that eat 
the mats in New Zealand. There are also international examples where human deaths have 
been attributed to consumption of microcystins. Cyanobacteria have been confirmed in over 
sixty water bodies in New Zealand, most notably in the Rotorua Lakes, Lake Forsyth and the 
Manawatu River (Wood et al., 2009).   
The dominance of cyanobacteria over other, less harmful species of periphyton, is also 
determined by the TN:TP ratio. Where the TN:TP ratio is low (< 10 (Hillbricht-Ilkowska et 
al., 1995)), cyanobacteria can fix N from the atmosphere and out-compete other species of 
algae, as seen in Lake Rotoiti. 
Most other algal species are non-toxic and are essential to the aquatic food chain, however 
excess nutrients can stimulate excess growth, affecting the potability of drinking water, 
physically clogging up irrigation systems and impacting on amenity values (McAthur and 
Clarke, 2007).  
The Australian and New Zealand Environment and Conservation Council (ANZECC) (2000) 
identify N and P as non-toxic, direct-effect stressors on water quality, due to excessive algal 
growth and cyanobacteria blooms. As seen in section 1.1, N and P concentrations in New 
Zealand waterways are increasing and the need to control the nutrient inputs is essential in 
order to reduce the effects of anthropogenic eutrophication. 
1.2.1.1 Eutrophication Case Study – Lake Rotoiti, Rotorua 
Lake Rotoiti is a eutrophic warm monomictic lake, located near the city of Rotorua on the 
Central Plateau of New Zealand (Hamilton, 2003). Lake Rotoiti is a popular recreational lake, 
used for boating, fishing and swimming (Bay of Plenty Regional Council, 2010). 
The water quality of Lake Rotoiti has deteriorated since it was first characterised in the 1960s 
(Jolly, 1968), with frequent cyanobacteria algal blooms observed since 1984 (Vincent et al., 
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1984). Lake Rotoiti is N-limited, with TN:TP values as low as 5 at the end of the stratified 
season, providing ideal conditions for cyanobacteria. The algal blooms have a significant 
impact on the recreational uses of the lake. 
Lake Rotoiti is fed by the Ohau Channel, which is in turn fed by Lake Rotorua. Until the late 
1980s, sewerage from Rotorua was disposed of into Lake Rotorua causing a large increase in 
the nutrient loadings. Agriculture, fertiliser applications, stormwater and septic tanks are the 
dominant sources of diffuse discharges into the Rotorua Lakes (Hamilton, 2003).  
Nutrient inputs from the Ohau Channel causes a positive feedback loop where higher 
phytoplankton sedimentation increases oxygen depletion in deeper, stratified waters, which in 
turn enhances the release of  nutrients from the sediments, causing further phytoplankton 
growth (Hamilton, 2003). This positive feedback loop complicates mitigation options 
available due to the dominance of nutrients released by the sediments.  
Reducing nutrient inputs will cause the nutrients to leach out of the sediments, but it has been 
predicted to take up to 200 years for Lake Rotorua to recover (Rutherford et al., 1996) without 
any other mitigation.  
Bay of Plenty Regional Council (BPRC) is currently implementing several strategies to 
improve the water quality of Lake Rotoiti. These include: 1) Diverting the Ohau Channel to 
the Kaituna River 2) Reticulating sewage for the towns bordering the lake 3) Capping the lake 
bed 4) Encouraging stock exclusion and riparian zones 5) Regulating nutrient losses (Bay of 
Plenty Regional Council, 2010).  
1.2.2 Reactivity of Nitrogen in Soils and Freshwater 
Nitrogen is an abundant element, with N2 gas making up 76% ww of the Earth’s atmosphere. 
The majority of N is not reactive and needs to be fixed by micro-organisms to become plant 
available (O'Neill, 1998). 
Transformations of N in soils and freshwater occur via the N cycle (Figure 1-4). The rate and 
type of reactions that occur within this cycle are highly dependent on the environmental 
conditions. Moisture, temperature, C:N ratio, pH, and aeration can all influence the N 
dynamics and allow one pathway to dominate over another (Bolan et al., 2004). For instance, 
wet, anaerobic conditions allow denitrifying bacteria to outcompete other bacteria as they 
obtain their oxygen from NO3
-
-N. Therefore, the dominant N pathway would be 
denitrification from NO3
-
-N to N oxide gases, such as N2O and NO2 (Pierzynski et al., 2000). 
Carbon availability can have a significant influence on the N cycle (Merrington et al., 2002) A 
high C:N ratio (> 30) stimulates microbes in the soil to pick up NO3
-
-N, reducing the amount 
that is available to plants. This process is called N immobilisation. Eventually the 
decomposed C in the soil is lost as CO2, decreasing the C:N ratio and reducing the N 
requirement by the microbes. When the microbes no longer require as much N for themselves, 
they continue to decompose sources of C, and mineralise any nutrients within it, allowing 
those nutrients to again be plant available (Merrington et al., 2002).     
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1.2.3 Reactivity of Phosphorus in Soils and Freshwater 
Phosphorus is the 11
th
 most abundant element in the earth’s crust and is an essential 
component of energy transferring molecules, such as adenosine triphosphate (ATP), used by 
all living organisms (O'Neill, 1998).  
Phosphorus has a dynamic nutrient cycle of its own (Figure 1-5), however - unlike N - there is 
no gaseous component (Merrington et al., 2002). The effect of P on a waterway depends on 
two different process; 1. Mineralisation and immobilisation of organic P by soil microbes and 
2. Physicochemical reactions of inorganic P in soil and freshwaters. 
Oxides Of Nitrogen:  
Nitrous Oxide (N2O) 
Nitric Oxide (NO) 
Nitrogen Dioxide (NO2) 
N2 
Dinitrogen 
NH3 
Ammonia 
NO2
-
 
Nitrite 
NO3
- 
Nitrate 
Amino 
Acids, 
proteins 
2 
5 5 
1 
2 
5 
3 
3 
4 
6 
Oxidation 
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+1 
+2 
+4 
0 
-3 
+3 
+5 
-3 
0 
Free 
Energy of 
Formation 
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Less Stable, 
positive 
More Stable, 
negative 
Figure 1-4: Diagram of the different reactions, oxidation states and relative stabilities of N 
species within the N cycle. The reactions in the N cycle are; 1. Fixation 2. 
Nitrification 3. Assimilation by Plants 4. Ammonification 5. Denitrification 6. Nitrate 
containing precipitation. Diagram adapted from O’Neill (1998). 
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Unreactive P (UP) makes up between 29% to 65% of topsoil P (Frossard et al., 1995) and is 
made up of P in organic matter, monoesters and diesters and are not plant available (Toor et 
al., 2003). Like N, UP is mineralised by microbes in the soil to inorganic, plant-available 
forms of P, such as DRP. The rate of mineralisation depends on pH, C:P ratio, temperature 
and moisture. Also like N, P can be immobilised or mineralised depending on the C:P ratio. 
With a C:P > 300, soil microbes utilise inorganic P to decompose organic matter, but at C:P < 
200, this process changes to mineralisation (Pierzynski et al., 2000). 
The physicochemical reactions of inorganic P in soil control the availability of P for plants. 
Inorganic, bioavailable, or reactive P (DRP) are generally the orthophosphate (PO4
3-
) ion and 
readily adsorbed by soil and by plants (Sinaj et al., 2002; Toor et al., 2003).  
Dissolved reactive P can be solubilised from solid surfaces as the dissolved P is consumed by 
plants (Leinweber et al., 2002). The rate of solubilisation is dependent on the ligand exchange 
equilibrium between P bound with aluminium (Al
3+
) and iron (Fe
3+
) oxides and P dissolved in 
pore water, as seen in reaction (1-1) and Figure 1-6. This equilibrium is dependent on the soil 
pH, as the metal oxides exhibit amphoteric properties (Uusi-Kamppa et al., 2000). 
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Figure 1-5: Schematic diagram illustrating the different processes that govern the P-
cycle in agricultural systems. 
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Al
3++ H2PO4
-
+ 2H2O 2H
+
+ Al(OH) 22H2PO4
  (1-1)  
Where P is concentrated in the soil water, it is sorbed to the soil, then desorbed when the pore 
water concentration lowers. In reducing conditions, P is more readily desorbed from Fe oxides 
(Uusi-Kamppa et al., 2000). When DRP is adsorbed to sediments and soils, it is unreactive 
and not plant available. 
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Figure 1-6: Schematic diagram of P absorption via interaction of metal oxides on the 
surface of the soil, where M = Al
3+
 or Fe
3+
 (McLaren and Cameron, 1996). 
1.2.4 Nitrogen and Phosphorus Mobilisation and Transfer 
Different pathways mobilise different species of nutrients in different ways. Nitrogen and P 
losses to waterways are dominated by four major pathways (Figure 1-7): 
 Overland flow 
 Subsurface flow 
 Leaching/Matrix Flow  
 Preferential Flow 
Nitrogen can be transferred from the soil into waterways via two pathways: 1. Overland flow 
and 2. Subsurface flow/Matrix flow (Drewry et al., 2006).  
Overland transfer of N into surface water usually occurs during heavy rainfall soon after the 
application of effluent or fertilizer to land (Haygarth and Sharpley, 2000). Alternatively, land 
application of effluent to compacted or saturated soils can also mobilise N through overland 
flow (Butler et al., 2008).    
Ammonium-N is tightly bound by negatively charged clay and soil particles and can be 
rapidly oxidised to NO3
-
-N by soil microbes. However, NH4
+
-N may also be mobilised by 
overland flow and have a short-term acute toxic effect on native fish (Hatch et al., 2002) at 
concentrations greater than 2.3 mg L
-1
 before it is oxidised in the environment (Richardson, 
1997). 
Organic N can be a source of NO3
-
-N in waterways when introduced via erosion and then 
mineralised in the environment. This process can take many years and organic N may be a 
long-term source of N, particularly in lakes (Hatch et al., 2002). 
 
(soluble) (insoluble) 
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Subsurface and matrix flow losses of N are dominated by the process of leaching. Anionic 
NO3
-
-N does not absorb to negatively charged cation exchange sites in the soil and is highly 
mobile in the soil matrix. Any NO3
-
-N not consumed by microbes or utilised by plants is 
likely to be transported laterally or vertically with movement of soil water (Hatch et al., 
2002).  
Leaching of N into groundwater increases with land intensification (Monaghan et al., 2005) 
and land disturbance (Merrington et al., 2002). Animal urine patches provide high N 
concentrations in small areas and are associated with higher rates of leaching (Drewry et al., 
2006) therefore higher cattle stocking rates are associated with greater losses of N into 
groundwater (Monaghan et al., 2005), as illustrated by Di and Cameron (2002) in Figure 1-8. 
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Figure 1-7: Schematic diagram of the different pathways of nutrient transfer into 
waterways. 
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Figure 1-8: Nitrate Losses under cow (1000 kg N ha
-1
 ) and sheep (500 kg N ha
-1
) urine 
patches (Di and Cameron, 2002). 
Phosphorus added to the soil can end up in waterways through overland flow (Drewry et al., 
2006; Toor et al., 2005; Toor et al., 2004), preferential flow (Sinaj et al., 2002) and/or 
leaching (Cameron et al., 2002).  
Mobilisation of P is strongly associated with sediment loss due to the high affinity of DRP 
with the surface of soils and high concentration of organic P in soils. Bound, unreactive P can 
be eroded and transferred into waterways through overland and preferential flow. Mobilised P 
can then accumulate in the sediments of lakes, rivers and estuaries. Increases in temperature 
and changes in pH (SanClements et al., 2010) can cause sediment-bound UP to be mineralised 
to DRP and become a long-term source of reactive P (Hamilton, 2003; Iglesias et al., 2011). 
This can have a significant impact as bacteria and phytoplankton primarily obtain phosphorus 
from DRP (Toor et al., 2003). 
Phosphorus can also be lost through incidental discharges (Haygarth and Sharpley, 2000; 
Leinweber et al., 2002) where heavy rain immediately after application of soluble fertilisers 
and FDE can transfer P to waterways by overland flow. As with N, this is aggravated by 
compacted or poorly drained soils (Butler et al., 2008).  
Leaching losses are generally minimal due to the high affinity of soils that react with and sorb 
DRP, however excess application of FDE and soluble fertilisers will saturate the sorption 
capacity of the soils and leach. Once in a waterbody, DRP is immediately available for uptake 
by aquatic organisms and can have a significant effect on stream health (Pierzynski et al., 
2000).  
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1.3 Mitigation of Nutrient Transfer 
Nitrogen and P losses to water can be mitigated by numerous strategies. Generally, the 
strategies try to reduce the nutrient input or try to capture nutrients that are lost. The most 
common methods are: 
 Nutrient balancing (Leinweber et al., 2002; Merrington et al., 2002) 
 Crop and cultivation Management (Cameron et al., 2002; Merrington et al., 2002) 
 Soil Conservation (Merrington et al., 2002) 
 Constructed Wetlands (Pierzynski et al., 2000) 
 Buffer and Riparian Zones (Cameron et al., 2002; Pierzynski et al., 2000) 
Nutrient balancing attempts to match nutrient demand with supply. This reduces losses by 
matching the crop cover to the land use (Cameron et al., 2002), synchronising fertiliser 
application with plant demand (Merrington et al., 2002), utilising new fertiliser technologies 
to their best advantage (Cameron et al., 2002; Merrington et al., 2002) and ensuring stock 
densities are suitable (Leinweber et al., 2002). 
Crop and cultivation management reduce nutrient losses by accurate application of fertiliser, 
minimising soil disturbance and taking special care when applying manure or fertiliser to land 
adjacent to waterways (Merrington et al., 2002). Managing cultivation also conserves soil, 
reducing erosion and preventing sediment transportation and associated nutrients.  
Wetlands are a transitional zone between the aquatic and terrestrial environments (Blackwell 
et al., 2002) and are defined by the Resource Management Act (1991) as “includes 
permanently or intermittently wet areas, shallow water, and land water margins that support a 
natural ecosystem of plants and animals that are adapted to wet conditions”. The wet 
conditions stimulate denitrification, while the wetland plants reduce the velocity of a 
waterbody, allowing sedimentation and minimising erosion (Blackwell et al., 2002). They can 
also improve amenity values and ecological diversity by providing habitat for birds and 
spawning fish.  
Constructed wetlands are wetlands purposely engineered to improve water quality (Blackwell 
et al., 2002). They can be used in agricultural ecosystems to treat run-off or water in farm 
ditches before it enters a waterbody, removing nutrients and sediments. Blackwell et al. 
(2002) report that created wetlands can remove up to 90% of N and 98% of P that enter the 
system. 
Riparian zones are defined as permanently vegetated areas of land which are separately 
managed from the rest of a field or catchment (Muscutt et al., 1993). These buffers are 
generally immediately adjacent to waterways and Regional Councils around New Zealand 
encourage their establishment to improve water quality. For example, Environment 
Canterbury, The Government, Fonterra and Ngai Tahu have committed $12 million for 
projects that enhance Lake Ellesmere (Williams, 2011), including the establishment of 
riparian zones and wetlands. Fencing waterways, excluding stock access and fencing of 
regionally significant wetlands were also included as targets for the 2003 Clean Streams 
Accord (Ministry for the Environment, 2003). 
Riparian zones can have a high potential set up and maintenance cost to both the landowner 
and the public due to the large subsidies provided. Ensuring that any new riparian zone is as 
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effective at nutrient removal as possible will maximise the payback to the community for their 
investment in their establishment. Therefore, investigating cheap and practical technology that 
may enhance the efficiency of riparian zones will be useful. 
1.3.1 Riparian Zones 
Riparian zones improve water quality by: 
 Reducing erosion of river banks  
 Capturing top-soil and nutrients (Toor et al., 2004) 
 Reducing stream temperature and providing shade and habitat for aquatic species 
(McDowell et al., 2004; Parkyn et al., 2003) 
 Removing nutrients from surface run-off and groundwater (Hefting et al., 2006; 
Houlahan and Findlay, 2004; Knoepp and Clinton, 2009) 
The immediate benefit of riparian zones can be attributed to the exclusion of stock from 
waterways. Over the long-term, plant nutrient uptake and microbial activity contribute to the 
removal of nutrients from sub-surface and surface flow (Haycock et al., 1993). 
Man-made riparian zones in New Zealand generally consist of plants that prefer wet 
conditions and have matted root systems. Environment Canterbury (ECan) recommends the 
following species for planting on the river margins: 
 Harekeke (Phormium tenax) 
 Sedges (Carex secta, Carex virgata etc) 
 Tussocks (Chionochloa rubra, Chionochloa rigida) 
 Rushes (Juncus caespiticius, Juncus gregiflorus etc) 
 Mikimiki (Coprosma propinqua etc) 
 Toetoe (Cortaderia richardii)  
The matted root systems of these species protect the banks of the rivers from erosion and 
filters contaminants from surface and groundwater. However, almost any grass, shrub or tree 
can be used in the buffer zone and have potential benefit for the adjacent water quality.  
Riparian zones are a vegetation buffer that use plant roots to filter groundwater and create a 
physical barrier to surface run-off. Houlahan (2004) suggest a vegetation strip of between 15 
m -100 m can reduce N and P inputs by up to 80%. However, riparian zones of between 5-10 
m have been shown to be effective at removing TP through sedimentation (Uusi-Kamppa et 
al., 2000).  
The primary mechanisms for nutrient removal in riparian zones are plant uptake (Haycock et 
al., 1993), sediment capture (McDowell et al., 2004)  and stimulation of denitrifying 
microbial populations (Tian et al., 2004). Figure 1-9 is a schematic diagram illustrating the 
different mechanisms used to capture nutrients in riparian zones. 
Plant root systems in riparian zones can filter subsurface flow and utilise nutrients for growth. 
Woody vegetation strips are better at removing NO3
-
-N (Correll, 2005) as the deeper roots 
affect the subsurface flow pattern through the riparian zone (Balestrini et al., 2011).  
The root structure of the plants on the bank of a waterway helps eliminate erosion, reducing 
sediment movement and the associated loss of nutrients into the waterway. Grasses are better 
for sediment control as they reduce the velocity of overland flow, like a baffle, and allow 
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suspended solids to settle out (Correll, 2005). Once settled, nutrients adsorbed to the 
sediments can be mineralised by microbes in the soil and taken up by the plants. Phosphorus 
is generally mobilised by erosion and overland flow, therefore a large proportion is removed 
by this method (McDowell et al., 2004; Uusi-Kamppa et al., 2000). 
 
Figure 1-9: Schematic diagram of the mechanisms of nutrient removal by a riparian 
zones.  
Denitrifying bacteria tend to outcompete other bacteria in saturated conditions, usually found 
in the soils of riparian zones. These bacteria can remove NO3
-
-N from groundwater or be 
adsorbed to sediment when the soil is anaerobic and reduce it to N2O or N2 gases (Cameron et 
al., 2002).  
Riparian zones have been shown to consistently decrease NO3
-
-N concentrations (Cey et al., 
1999) in groundwater by increasing the population of denitrifying bacteria in the soil (Tian et 
al., 2004) and allowing complete denitrification to N2 (Dandie et al., 2011). However, 
incomplete denitrification results in an increase in the greenhouse gas, N2O. This trend seems 
to be related to anaerobic conditions, as swamps and marshes tend to be slighter more 
effective at nutrient removal than riparian zones (Fisher and Acreman, 2004). 
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1.3.2 Limitations of Riparian Zones 
The primary mechanisms for nutrient removal in riparian zones are plant uptake, sediment 
control and stimulation of denitrifying bacteria (Haycock et al., 1993). 
During winter, plant growth is reduced and the rate of nutrient uptake is reduced. The change 
in temperatures can also have a significant impact on bacterial growth. At temperatures below 
10°C, denitrification slows and at temperatures < 2°C denitrification activity is considered 
insignificant (Grundmann et al., 1995). Appendix 2 shows the average soil temperature can 
fall below 10°C for up to six months of the year in Southland and Otago (National Institute of 
Water and Atmospheric Research). 
The months of least nutrient-removal capacity within riparian zones usually coincide with the 
months of greatest rainfall, when nutrient mobility is at its greatest (Merrington et al., 2002). 
Appendix 3 summarises the average monthly rainfall data for various sites in New Zealand 
(National Institute of Water and Atmospheric Research). It is clear for the North Island of 
New Zealand, the highest rainfall months are also the coldest. Meals and Hopkins (2002) 
supports this with P removal in riparian zones lower during periods of heavy rainfall.  
Furthermore, riparian zones may have a finite lifespan to effectively remove nutrients from 
groundwater (Drewry et al., 2006), after which they may even become a source of nutrients 
(Cooper et al., 1995; Vanek, 1991). McDowell (2004) found that, over time, absorption sites 
may become saturated, reducing the efficiency of DRP uptake, while still being a sink for TP 
adsorbed to sediments. Once saturated, the riparian zone started to release some of the DRP 
into the adjacent waterbody. 
1.4 Biochar 
Biochar is the carbon-rich product obtained by thermal decomposition of organic matter under 
a limited supply of oxygen (Lehmann and Joseph, 2009). It has been used to improve soil 
fertility for thousands of years, most notably in the Terra Preta soils of the Amazon (Woods 
and Denevan, 2009). However, its potential as a soil amendment has only recently been 
rediscovered and research has been soaring since the 1980s (Woods and Denevan, 2009). 
Biochar has shown potential for various uses (Sohi et al., 2010), such as: 
 carbon sequestration (Atkinson et al., 2010; Bell and Worrall, 2011; McHenry, 2009) 
 waste management (Agblevor et al., 2010; Cao et al., 2009) 
 improving soil structure and fertility (Downie et al., 2009) 
 reducing greenhouse gas emissions, particularly N2O (Sohi et al., 2010; Spokas et al., 
2009; Steiner et al., 2010; Taghizadeh-Toosi et al., 2011; Zhang et al., 2010) 
 slow release fertilizer (Warren et al., 2009) 
 bulking agent in compost (Dias et al., 2010; Steiner et al., 2010)  
 nutrient and contaminant sorption (Qiu et al., 2009); (Spokas et al., 2009; Uchimiya et 
al., 2010a; Uchimiya et al., 2010b; Yu et al., 2009) 
The physical, chemical and microbial properties of biochars are highly variable and are 
determined by the feedstock used and the method of preparation.  The properties of particular 
interest for nutrient retention include water holding capacity, porosity, available functional 
groups, and surface area.  
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These properties may also maximise a riparian zone’s ability to filter and remove nutrients 
from surface and sub-surface run-off. 
1.4.1 Physical Properties of Biochar 
The structure of biochar is analogous to activated carbon and can vary greatly depending on 
the method of preparation and original feedstock material (Downie et al., 2009). This can 
have a significant impact on the biochar’s ability to retain nutrients. 
1.4.1.1 Physical Structure 
The internal and external surface area of biochar depends on the temperature used during 
production. The Brunauer, Emmett and Teller (BET) surface area is generally high and 
comparable with activated carbon (Mohan et al., 2007). Higher BET surface areas generally 
result in greater adsorption of contaminants in soil due to the higher number of functional 
groups present on the surface (Atkinson et al., 2010).  
During pyrolysis, the monomers of lignin are cleaved at the α- and β- linkage sites to allow 
the formation of graphene-like sheets (Figure 1-10), with remaining functional groups on the 
edges. Biochar shows similar amounts of aromatic ring clusters when produced by fast or 
slow pyrolysis (Brewer et al., 2009; Downie et al., 2009). In general, these clusters become 
more organized and there are less functional groups as the highest treatment temperature 
(HTT) is increased (Downie et al., 2009), as illustrated in Figure 1-11. 
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Figure 1-10: Diagram illustrating the breakdown of the monomers of lignin and 
formation into graphene-like sheets. 
The stable graphene-like structures are resistant to microbial degradation and can have a half-
life in the soil of between 100 years (Zimmerman, 2010) and up to 10,000 years (Warnock et 
al., 2007). However, unsaturated conditions seem to accelerate oxidation of the surface and 
may reduce the stability (Nguyen and Lehmann, 2009). 
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Figure 1-11: Schematic diagram of the organisation of graphene-like formations at 
increasing Highest Treatment Temperature. 
1.4.1.2 Porosity 
Increased porosity and surface area are related to improved soil aeration and microbial 
activity (Downie et al., 2009), which can have an impact on the rate of nutrient mineralisation.  
Downie et al. (2009) categorises pore sizes as follows: 
 Micropores (internal diameter less than 2 nm) 
 Mesopores (2-50 nm) 
 Macropores (50+ nm) 
Micropores contribute most to the surface area of biochars, however macropores have a 
greater effect on aeration and water retention (Downie et al., 2009). This might benefit the 
retention of mobile NO3
-
-N and UP. 
Producing biochar at higher temperatures (600-750°C (Brown et al., 2006)) results in more 
micropores and a higher internal surface area. However, the loss of oxygen containing 
functional groups at these temperatures also reduces the cation exchange capacity (CEC) 
(Kranjcec et al.), which would have a negative impact on nutrient retention in the short-term 
(Lehmann et al., 2011).  
In high mineral ash-content biochars, porosity is likely to increase as the ash is leached out 
over time (Thies and Rillig, 2009). 
1.4.2 Microbial Properties of Biochar 
Biochars are sterilised during the pyrolysis process and do not add directly to microbial 
populations in the soil. However, the porosity of biochar provides ideal environments for 
microorganisms to establish in the soil (Birk, 2009; Jones et al., 2010; Thies and Rillig, 2009; 
Tsai, 2009).  
Biochar can enhance microbial populations in soils by providing nutrients (either directly or 
indirectly) (Thies and Rillig, 2009; Warnock et al., 2007), absorbing gases (Thies and Rillig, 
2009), a source of C (Liang et al., 2010; Thies and Rillig, 2009), moisture (Solaiman et al., 
2010; Thies and Rillig, 2009) and a physical refuge (Warnock et al., 2007) from 
microorganism predators. 
Increase HTT 
Random assortment of aromatic 
carbon planes, produced at lower 
HTT 
Organised planes of aromatic carbon, 
produced by higher HTT  
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Soil microbes can be categorised into five main groups: bacteria, fungi, algae, actinomycetes 
and protozoa (McLaren and Cameron, 1996). Bacteria, actinomycetes and arbuscular 
mycorrhizal fungi are most likely to colonize biochar (Thies and Rillig, 2009). 
A particular group of nitrifying bacteria, called Nitrosomanas, are essential in the 
mineralisation of NH4
+
-N into NO3
-
-N. These particular bacteria need a C source and obtain 
their energy from the oxidation process (O'Neill, 1998). Nitrifiers require a pH between 4.5-
7.5, moderate moisture, and good aeration.  
The key properties of biochar needed to maximise growth of nitrifying bacteria are the 
porosity, the corresponding increase in water holding capacity (WHC) and pH optimisation. 
However, these benefits seem only to apply to temperate and boreal forest soils, not to 
grassland or agricultural soils that may already have active colonies of nitrifying bacteria 
(DeLuca et al., 2009).  
The specific microbial community that establishes itself within biochar will depend on the 
specific properties of that biochar.  High pH biochars will tend to attract fungi, whereas 
calcium-loving actinomycetes will prefer biochars high in calcium (Thies and Rillig, 2009). 
Greater micro-nutrient availability is associated with stimulating Rhizobium and other bacteria 
(Lehmann et al., 2011). 
Residues, such as volatile matter and bio-oils, may be high in polycyclic aromatic 
hydrocarbons (PAHs), xylenols, formaldehydes and other toxic carbonyl compounds may 
have a bactericidal or fungicidal effect (Thies and Rillig, 2009). 
Oxidation of the surface and leaching of mineral ash over time will ensure that the exact 
composition of the microbe colonies will be as dynamic as the biochar they live on (Thies and 
Rillig, 2009). 
However, incorporating biochars into soils does not always result in an improvement in 
microbial activity. Birk et al. (2009) found that arbuscular mycorrhizal fungi populations did 
not increase and it’s proportion of microbial biomass declined. Bailey et al. (2011) noted the 
variability of microbial activity after biochar amendment. Warnock et al. (2007) also notes 
these effects in a small proportion of studies, but found that this was due to biochar inhibiting 
plant uptake of P and most studies showed a greater abundance of mycorrhizal fungi in 
biochar amended soils. Alternatively, Lehmann et. al (2011) suggest a reduction in 
mycorrhizal fungi is due to increased nutrient availability, reducing the need for symbionts 
and found no evidence for direct negative effects of biochars on plant roots.  
1.4.3 Chemical Properties of Biochar 
Biochar’s surface chemistry is varied due to their heterogeneous composition. Biochars 
exhibit hydrophilic, hydrophobic, acidic and basic properties depending on their relative 
abundance in the virgin feedstock and the conditions used during pyrolysis (Amonette and 
Joseph, 2009; Atkinson et al., 2010).  
1.4.3.1 Functional Groups 
Biochar is made up of disordered planes of graphene with various functional groups attached 
to the surface. These functional groups can have a major impact on a biochar’s ability to 
adsorb nutrients. 
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Functional groups commonly found on biochars include Lewis bases (e.g. OH, NH2), Lewis 
Acids (e.g. (C=O)OH, (C=O)H or NO2), Brønsted acids (Chen et al., 2010; Liu and Zhang, 
2009; Nguyen et al., 2008), chromenes and pyrones (Amonette and Joseph, 2009). 
Heteroatoms, such as H, O, N, P and S, can be incorporated into the aromatic rings (Nabais et 
al., 2011) (Figure 1-12).  
The precise composition and abundance of functional groups is completely dependent on the 
feedstock and the method of preparation. Higher HTT increases aromaticity by cleaving the 
aliphatic linkage between the aromatic carbon and its functional groups, reducing the number 
of functional groups available.  
Over time, oxidation of the surface introduces more O containing functional groups to the 
surface (Nguyen et al., 2008) improving adsorption of nutrients (Rondon et al., 2007).  
Many of the functional groups commonly present on the surface of biochars exhibit 
amphoteric properties and the reactivity and electronegativity depends on the pH of the 
environment (Amonette and Joseph, 2009).   
OH
COOH
OH
OCH3
OCH3
OH
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OHOH
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NH2  
Figure 1-12: Diagram illustrating the various functional groups that may be present on 
the surface of graphene planes of biochar.  
1.4.3.2 Nutrients 
Biochars can have direct and indirect effects on the nutrients available in a soil. Direct effects 
relate to the inherent nutrient value of the biochar acting as a source of nutrients. Indirect 
effects relate to biochar’s ability to capture and hold nutrients, making more plant available. 
The biochar used in this experiment has a very low inherent nutrient content, therefore 
indirect nutrient effects are more significant. 
1.4.4 Sorption Mechanisms of Biochar 
The indirect nutrient effect of biochars are due to their sorption properties (Noguera et al., 
2010; Rondon et al., 2007; Steiner et al., 2008; Van Zwieten et al., 2010b). The biochar can 
hold nutrients near the surface of soil for longer, allowing plants greater opportunity to utilise 
them and reduce leaching. It is this effect that is largely believed to lead to improved soil 
fertility and higher biomass yields while simultaneously reducing the leaching of nutrients 
(Atkinson et al., 2010; Beck et al., 2011; Brockhoff et al., 2010; Dias et al., 2010; Knowles et 
Biochar/Soil interface  
Pores 
Biochar 
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al., 2011; Laird et al., 2010), with a particular affinity for phosphorus (Chen et al., 2011; Yao 
et al., 2011a; Yao et al., 2011b).  
Major et al. (2009) suggests that biochars prevent leaching by three mechanisms: 
 Holding onto nutrient-rich water by capillary action in micropores 
 Direct adsorption through electrostatic interactions on the surface 
 Increased populations of mycorrhizal fungi, improving plant uptake 
These effects are enhanced over time, most likely due to oxidation of the surface of the 
biochar (Clough et al., 2010; Major et al., 2010; Rondon et al., 2007; Singh et al., 2010). 
1.4.4.1 Sorption onto Biochar Matrix 
Biochars can have an indirect nutrient effect by holding onto nutrient-rich pore water using 
capillary forces until the suction action by plant roots removes it. 
Biochars can have a high proportion of pores less than 30 µm in size. Pores less than 30 µm  
hold onto pore water by capillary forces and are less responsive to wet and dry conditions 
(Major, 2009). Nutrients that dissolve in pore water are therefore retained by the biochar near 
the soil surface, reducing mobility and allowing plants to access these nutrients as they 
transpire.  
This is a very useful mechanism to improve plant uptake of fertilizers or to mitigate effects of 
leaching. Figure 1-13 and Figure 1-14 are schematic diagrams illustrating the mechanisms of 
leaching and how biochar prevents leaching.  
 
 
NO
x
 
NH
4
+
 
K
+
 
Mg
2+
 
Colloids 
Heavy Rain 
 
NH
4
+
 
NO
x
 
 
 
 
  
K
+
 
Mg
2+
 
Figure 1-13: Schematic diagram illustrating the process of leaching without biochar. 
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1.4.4.2 Cation Exchange Capacity 
Cation Exchange Capacity (CEC) is defined as the amount of exchange sites that can absorb 
and release cations, such as Na
+
, K
+
, Ca
2+
, Mg
2+
, Al
3+
 and Fe
3+
 (Pierzynski et al., 2000).   
Higher CEC soils act as a source of plant available cations, improving fertility over long 
periods of time. Mixing biochar into soils has been shown to improve their CEC (Hossain et 
al., 2010; Joseph, 2009; Liang et al., 2006; Van Zwieten et al., 2010b). 
The CEC of biochar varies considerably, depending on the feedstock and HTT, as seen in 
Table 1-2. In general, low HTT is associated with increased CEC (Gaskin et al., 2008; 
Mukherjee et al., 2011). This is most likely due to the higher number of functional groups 
present on the surface of the biochar. These functional groups are generally negatively 
charged and provide ideal conditions for cation adsorption to occur.  
Table 1-2: Table comparing the CEC of different biochars at different Highest 
Treatment Temperature. 
Feedstock of Biochar 
CEC  
(cmol Kg
-1
) 
Reference 
Peanut Hulls (HTT = 400°C) 14.2 (Gaskin et al., 2008) 
Peanut Hulls (HTT = 500°C) 4.63 (Gaskin et al., 2008) 
Pine Chips (HTT = 400°C) 7.27 (Gaskin et al., 2008) 
Pine Chips (HTT = 500°C) 5.03 (Gaskin et al., 2008) 
Poultry Litter (HTT = 400°C) 61.1 (Gaskin et al., 2008) 
Poultry Litter (HTT = 500°C) 38.3 (Gaskin et al., 2008) 
Paper Mill Pulp  (HTT = 550°C) 9.0 (Van Zwieten et al., 2010b) 
Eucalyptus wood (HTT = 350°C) 46.9 (Rondon et al., 2007) 
There are less functional groups present in low-cellulose containing feedstocks, this might 
explain the trend of lower CEC in biochars derived from woody feedstocks. 
1.4.4.3 Specific Adsorption 
An abundance of electron-rich functional groups may allow specific adsorption by chelating 
cations, binding them strongly to the soil, reducing leaching and bioavailability to plants. 
Pore 
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Figure 1-14: Schematic diagram illustraing the process of leaching with biochar 
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Chelated metals, in particular, are amorphic in aqueous solutions and can reversibly adsorb 
anions depending on the pH (Yao et al., 2011b). 
Phosphorus removal by biochars is associated with higher surface areas and metal oxides. 
Magnesium oxide (MgO) and Fe
3+
 have been shown to be present on the surface of biochars 
and, depending on pH, have a strong affinity for anions (Yao et al., 2011b). Co-precipitation 
of Fe
3+
/Fe
2+
 creates magnetism on some biochars, which has been proven to be more effective 
at P removal than non-magnetic biochars (Chen et al., 2011).   
Yao et al. (2011b) found that the optimum pH for P removal by specific adsorption to MgO to 
be about 5.2. 
1.4.4.4 Increased Mycorrhizal Fungi Populations 
Biochars have been shown to increase populations of mycorrhizal fungi (Rondon et al., 2007). 
These fungi fix N and P by mineralising them into plant available form. Higher populations of 
micro-organisms reduce the amount of nutrient leaching (DeLuca et al., 2009) either by using 
the nutrients adsorbed or held by the biochar or mineralising it for use by plants. 
1.5 Hypothesis and Objective 
In summary, the addition of a low HTT biochar to riparian zone soils should maximise 
nutrient removal in these areas due to an increase in CEC, pH, WHC and stimulation of 
microbial populations.   
The sorption properties of biochar should minimise losses of nutrients during the winter and 
extend the life of riparian zones by increasing the number of reaction sites present in the soil. 
This could be particularly useful in situations where the riparian zone is at risk of becoming a 
long-term source of nutrients, particularly for P. 
There is a small risk that addition of biochar may have a negative effect on plant yield by 
increasing the C:N ratio and inducing N immobilisation, however addition of inorganic N 
seems to address this (Atkinson et al., 2010; Rondon et al., 2007). 
Based on the review of the literature, it is hypothesised that the incorporation of biochar 
within the riparian zone will enhance the retention and plant uptake of N and P associated 
with FDE.  
The objective of this study was to quantify the effect of biochar on plant growth and FDE 
nutrient capture when incorporated into a simulated riparian zone. 
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2 Materials and Methods 
2.1 Experiment Design 
To test the proposed hypothesis, a 2-way factorial design was used. This design was chosen to 
isolate and replicate the effects of biochar, effluent and a combined effluent-biochar treatment 
on nutrient retention in simulated riparian zones during low-growth seasons. 
To determine the effects of each treatment, 16 simulated riparian zones (hereafter called 
boxes) were prepared and split into 4 different treatments; 1. Water, No Biochar (WNC) 2. 
Water, With Biochar (WBC) 3. Effluent, No Biochar (ENC) and 4. Effluent, With Biochar 
(EBC). 
All boxes were planted with Carex secta, a native grass commonly used to regenerate riparian 
zones and wetlands. This grass was chosen specifically because it was fast growing, had a 
thick matted root system and the biomass was easily harvested.  
The experiment was set up in December 2010 to allow the plants to establish prior to 
irrigation with effluent. Regular effluent and water irrigations commenced from April 2011, 
providing a snapshot during the low-growth season. 
The biochar used for this experiment was made from Pinus radiata, low HTT (350°C) and 
had previously been proven to have an impact on soil N cycling (Anderson et al., 2011; 
Taghizadeh-Toosi et al., 2011). It had a low inherent nutrient content (Table 2-1), therefore 
any nutrient fertiliser effect would be negligible.  
The experiment was undertaken in a greenhouse to control the conditions and to ensure all 
subsurface flow was collected, while minimising any contamination from insects or animals. 
The greenhouse also minimised any seasonal temperature effects. 
Prepared effluent was added monthly to replicate a rotation cycle typical of a dairy farm. The 
final nutrient loading was high, equivalent to 411 kg N ha
-1
 and 98 kg P ha
-1
 over the 155 days 
of this experiment.  
Water was added each week between effluent irrigation events to keep the plants alive and 
was representative of rainfall in situ. The volume of water added was chosen to consistently 
produce subsurface flow in most boxes, most of the time.  
The soil surface slope in the boxes was 1:3.25, typical of pastoral land in Canterbury and 
conducive to sub-surface flow. Overall, the nutrient loading and slope for this experiment 
represents a worst case scenario.  
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A 2-way factorial design of four different treatments was replicated (n = 4), as seen in Figure 
2-1.  The different treatments were: a control - Water, No Biochar (WNC), Water, with 
Biochar (WBC), effluent control - Effluent no Biochar (ENC) and Effluent with Biochar 
(EBC). 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Pinus radiata biochar was prepared by slow pyrolysis with a HTT of 350°C and stored 
undercover. The biochar was then crushed using a roller and sieved to capture particles of 0.5 
mm - 4 mm in size and stored in a sealed 20 L pail Figure 2-2.  
 
A Templeton Silt Loam soil was obtained from Iverson 2 paddock at the Lincoln University 
Farm.  The soil was air-dried and sieved to 6.35 mm prior to being combined with biochar. 
All boxes were packed with 28 kg of soil, while 0.9 kg of biochar was added to 8 boxes, an 
application rate equivalent to 30 t ha
-1
. The soil boxes were therefore approximately 20 L in 
volume, while the biochar plus soil boxes were approximately 24 L (Figure 2-3). 
16 Boxes 
8  
Effluent 
 8 
Water 
4  
Without 
Biochar 
(ENC) 
4  
With 
Biochar 
(EBC) 
4  
Without 
Biochar 
(WNC) 
4  
With 
Biochar 
(WBC) 
Figure 2-1: Schematic diagram illustrating the split plot design of the experiment. 
Figure 2-2: Prepared biochar prior to incorporation  into the soil. 
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Approximately 500 g of soil samples were kept for analysis. These samples were already air-
dried and stored in plastic bags. 
 
Figure 2-3: Difference between the unamended soil (left) and the biochar amended soil 
(right). 
The chemical properties of the soil, biochar, soil and soil plus biochar were measured prior to 
this experiment commencing and are described in Table 2-1 below. 
Table 2-1: Chemical properties of soil, biochar and biochar-amended soil used in 
experiment. 
 CEC 
cmol Kg
-1
 
pH Total C 
mg g
-1
 
Total N 
mg g
-1
 
C:N ratio Total P 
mg kg
-1 
Soil 11 5.8 0.21 0.020 10.5 372 
Soil + BC  5.5 0.53 0.017 30.7 393 
Biochar (Taghizadeh-
Toosi et al., 2011) 
8.0 7.8 7.72 0.007 1190 - 
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2.2 Timeline of Events 
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2.3 Experiment Set-up and Establishment (December 2010 - April 2011) 
Sixteen 20 cm x 12.5 cm x 150 cm boxes were built with untreated Pinus radiata. Each box 
was lined with a polythene sheet (Figure 2-4). Boxes were positioned to have a gradient of 
1:3.25. 
The downhill end of the box had a gap of approximately 2.5 cm to allow subsurface drainage 
to be captured. This gap was sealed with glass filter wool and, initially, a 100 µm nylon mesh 
to prevent the loss of particulate material larger than that added to the system (Figure 2-5). 
The nylon mesh adhered poorly to the polythene and allowed the run-off to enter the pails 
without filtration. Thus, the nylon mesh was taped to the base of the funnels instead. A 20 cm 
diameter plastic funnel was secured to the end of each box to collect all subsurface drainage 
into a clean 20 L pail. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-5: Example of the nylon mesh that covered the subsurface flow exit point to 
prevent loss of soil. 
Figure 2-4: Polythene-lined box prior to addition of soil. 
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All Carex secta plants were trimmed to 20 cm from the base of the blades of grass and excess 
potting mix on the roots gently removed with water (Figure 2-6). The total weight of the 
plants were measured and recorded for each box then planted in a zigzag pattern at 15 cm 
intervals for 1.2 m, leaving the top 0.3 m unplanted, creating an application zone.  
A combined initial biomass sample was collected and dried at 60°C for 48 h, ground and 
stored in a 30 mL vial. 
 
Boxes were watered daily until the end of January 2011 to establish the root systems. 
Between January and April, plants were watered twice a week by spraying approximately 2 L 
of tap water over the whole surface of each box. This was equivalent to 6.7 mm of irrigation. 
Leaks in box liners were discovered in February 2011 and the boxes were repacked in March 
2011. Once the soil was settled after repacking, cracks and gaps around the edges were 
noticed (Figure 2-7). Petroleum jelly was used to fill in these cracks to prevent preferential 
flow (Figure 2-8, Figure 2-10). 
 
Figure 2-7: Gaps formed in the plant boxes after the soil settled. 
Figure 2-6: Prepared Carex secta plant prior to planting into the boxes.  
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Figure 2-8: Melted petroleum jelly was used to fill the gaps formed by the settled soil 
and prevent preferential flow. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Just prior to the start of the experiment, a small hole was dug in the application area of each 
box (Figure 2-9) to be used to minimise overland flow that was starting to occur with the 
settling of the soil. This ensured only subsurface flow would be generated during the course 
of the experiment.  
Lincoln Dairy Farm effluent was prepared for each of the five monthly irrigation events.   
Approximately 40 L of fresh effluent was collected and filtered through a 100 µm nylon 
mesh. A 3 L aliquot of filtered effluent was added to a clean 84 L container, followed by a 3 L 
aliquot of tap water. This process was repeated until all filtered effluent was diluted by 50%. 
A summary of the chemical properties for each irrigation event is listed in Table 2-2. 
Figure 2-9: Depressed zone in the application 
area, created to  to prevent 
overland flow during watering and 
irrigation events.  
Figure 2-10: Plant box after the 
addition of petroleum jelly. 
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Table 2-2: Summary of the chemical properties of effluent preapred for each irrigation 
event.  
 Unit April May June July August 
Date  05/04/2011 10/05/2011 07/06/2011 06/07/2011 10/08/2011 
Volume mL 7500 6000 5000 5000 5000 
pH  7.68 8.39 7.80 7.50 7.26 
TP mg L
-1
 10.0 36.9 56.3 13.5 4.4 
DRP mg L
-1
 5.7 19.3 16.5 7.3 2.0 
TN mg L
-1
 32.7 181 161 75.8 30.1 
NH4
+
-N mg L
-1
 10.6 87.3 56.2 49.9 11.5 
NO3
-
-N mg L
-1
 0.459 0.126 0.121 0.151 0.183 
NO2
-
-N mg L
-1
 0.151 0.006 0.003 0.007 0.010 
DOC mg L
-1
 48.4 249 158 70.7 49.2 
The total area of the plant boxes was 3000 cm
2
, and the total mass of N added throughout the 
experiment was 3700 mg. This is equivalent to 411 kg N ha
-1
. The total mass of P added was 
881 mg, equivalent to an application rate of 98 kg P ha
-1
.  
Tap water was used for the weekly waterings and monthly irrigations on the boxes receiving 
only water. Samples were taken with the monthly irrigation. An extra sample was taken on 25 
May 2011 as work was being undertaken on the water tower that day that may have 
contaminated that week’s water. Table 2-3 summaries the chemical properties of the water 
used during this experiment.  
Table 2-3: Summary of the chemical properties of the tap water used for each irrigation 
event.  
 Unit April May May June July August 
Date  05/04/2011 10/05/2011 25/05/2011 07/06/2011 06/07/2011 10/08/2011 
Volume mL 7500 6000 2500 5000 5000 5000 
pH  7.21 7.52 7.84 7.48 7.37 7.32 
TP mg L
-1
 0.051 0.288 0.061 0.077 0.113 0.047 
DRP mg L
-1
 0.008 0.006 0.006 0.002 0.005 0.007 
TN mg L
-1
 1.37 3.21 1.75 0.99 3.03 1.36 
NH4
+
-N mg L
-1
 0.087 2.203 0.541 0.135 0.091 0.094 
NO3
-
-N mg L
-1
 1.25 1.25 1.06 1.01 1.28 1.32 
NO2
-
-N mg L
-1
 0.030 0.001 0.003 0.002 0.024 0.021 
DOC mg L
-1
 0.38 1.49 1.62 1.81 1.58 4.74 
Temperature and moisture were measured continuously from 12 April 2011, with probes 
inserted into boxes 1, 4, 5, 7, 9, 13, 14, and 16. These probes measured the temperature and 
moisture at hourly intervals for the length of the experiment. 
 
2.4 Experimental Phase (April 2011 - September 2011) 
A four-weekly subsurface drainage cycle was established from 5 April 2011 until the end of 
the experiment on 2 September 2011. The first week of the cycle was an “irrigation event”, 
where between 5000-7500 mL of prepared effluent or tap water was added to the boxes, 
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followed by three weekly “watering events” where between 2000 mL - 4000 mL of tap water 
only was added to prevent the plants from dying between irrigation events.  
During the irrigation events, 500 mL aliquots of prepared effluent or water were added at 20 
minute intervals to the application zone. Care was taken to ensure that no overland flow was 
generated, with occasional breaks if necessary. A total of 28.5 L of prepared effluent or water 
was added to each box during the course of this experiment. Sub-samples of the prepared 
effluent and water were taken for analysis. 
During the watering events, two aliquots of 1000 mL and one aliquot of 500 mL of tap water 
was added at 20 minute intervals to the application zone. Higher aliquot volumes were used 
during watering events than in irrigation events as the boxes were less saturated and did not 
generate overland flow. A total of 38 L of tap water was added to each box during the 
experiment. Subsurface drainage from all irrigation and watering events was directed into the 
funnels and the clean, dry 20 L pails (washed twice in tap water, Figure 2-11) and collected 
within 18-24 h. 
The total volume of subsurface flow was measured and a 100 mL sub-sample was collected 
after vigorously stirring the pails to resuspend any solids. All excess subsurface flow was 
discarded and all measuring equipment washed twice with tap water.  
Biomass was harvested on a monthly basis from 21 January 2011 until 2 September 2011. 
When the experiment commenced in April 2011, biomass was harvested the week prior to an 
irrigation event. Weeds were also removed from the boxes at this stage. 
 
 
 
 
 
 
 
 
 
2.5 Experiment Completion (September 2011) 
The experiment was completed on 2 September 2011, when the final subsurface drainage and 
biomass samples were collected. The whole experiment was deconstructed in the week of 5 
September 2011 and 1 L soil samples were collected at this stage. These soil samples were 
air-dried at 25°C for 5 days and stored in plastic bags. 
Figure 2-11: Collection of subsurface drainage from the exit gap of the box 
into 20 L pails via funnels. 
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2.6 Analysis 
2.6.1 Biomass Dry Weight Method 
Paper bags were labelled and dried for at least 48 h prior to biomass collection. The dry tare 
weight of these bags were weighed and recorded.  
Each Carex plant was trimmed back to a 20 cm height above the soil. The harvested biomass 
was then cut into 1-3 cm lengths and placed in a paper bag. The wet weight was noted, the 
sample was dried at 60°C for at least 48 h and the dry weight was then recorded. The dried 
biomass samples were then ground and a subsample was collected in 30 mL vial for analysis. 
All excess biomass was discarded.  
2.6.2 Biomass and Soil Microwave Digestion and ICP-OES Analysis 
Biomass and soil samples were dried and ground and 500 mg ± 50 mg was placed in a dry, 
acid washed receptacle. Five mL of Aristar grade concentrated nitric acid was added to all 
samples and 1 mL of peroxide to soil samples.  
Biomass samples were digested with a Milestone ETHOS SEL/PLUS Microwave Digester at 
800 watts for 5 minutes at 75°C. Soil samples were microwaved at 500 watts for 10 minutes 
at 80°C. Digested samples were then made up to 25 mL with Milli-Q water and stored in 30 
mL vials in the refrigerator. Soil samples were filtered using filter paper. 
The digested biomass samples were analysed for Total P and cations by a Varian 720-ES 
Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) fitted with an SPS-3 
auto-sampler and ultrasonic nebuliser.  
2.6.3 Biomass and Soil Total Nitrogen, Total Carbon, C:N Ratio 
A 200 mg ± 20 mg sample of dried, ground biomass and 500 mg ± 20 mg of dried, ground 
soil were analysed for total N and total C using a LECO CNS-2000 Elemental Analyser. 
2.6.4 Soil pH 
Soil samples were dried and ground. Ten grams ± 0.05 g of soil was placed in a 70 mL vial. 
Then 25 mL of deionised (DI) water was pipetted into the vials. Vials were shaken and left 
overnight. The pH meter was calibrated using pH 4 and pH 7 reagent grade standards.  
2.6.5 Filtered Tap Water, Effluent and Subsurface Drainage Samples Analysis 
Subsurface drainage samples were filtered to < 0.45µm prior to NH4
+
-N, NO3
-
-N, NO2
-
-N, 
DRP and DOC analysis.  
Ammoniacal-N, NO3
-
-N, and NO2
-
-N were analysed using a FOSS FIAstar 500 triple channel 
analyser, a Flow Injection Analysis method. Total Carbon and Total Inorganic Carbon were 
measured using a Shimadzu Total Organic Carbon Analyser (TOC-5000A), fitted with a 
Shimadzu ASI-5000A autosampler. Blanks were prepared by using DI water. Samples 
measuring outside of the range were re-tested using a different range of standards. 
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Subsurface drainage samples were divided into two groups for DRP analysis; 1. Concentrated 
were effluent samples and subsurface drainage samples from the effluent irrigation events 
only. 2. Weak were tap water samples and subsurface drainage samples from the water 
irrigation events and weekly watering events.   
Between 1-10 mL of the concentrated samples were used for the Murphy-Riley method 
(Tiessen and Moir, 1993). Prepared samples were placed in curvets and absorbance read at 
880 nm using an Atomic Absorption Spectrophotometer. Samples were re-tested at a higher 
dilution if too concentrated or were re-tested by the Malachite Green Method if absorbance 
was less than 0.04. 
All other subsurface samples were tested using the Malachite Green Reagent (Ohno and 
Zibilske, 1991). Samples were placed in curvets and absorption measured at 635 nm using an 
Atomic Absorption Spectrophotometer. If a precipitate formed, samples were re-tested at a 
higher dilution. Every 20
th
 sample tested was a blank and 2 samples were randomly 
duplicated each run.  
2.6.6 Unfiltered Tap Water, Effluent and Subsurface flow Samples Analysis 
Unfiltered tap water, effluent and subsurface drainage samples were analysed for TP and TN 
and pH. TP and TN  was analysed using  a FOSS FIAstar 5000 Triple Channel Analyser after 
alkaline potassium persulphate digestion (Ebina et al., 1983). Samples were re-tested at a 
higher dilution if they fell outside of the standards range. 
Effluent and water samples were collected and stored in the refrigerator overnight. Subsurface 
drainage samples were collected the following day and all samples were measured for pH 
together. The pH meter was calibrated using pH 4 and pH 7 reagent grade standards for each 
weekly batch of samples. If the pH meter was giving odd results, the meter was re-calibrated. 
The pH of the least concentrated boxes were measured first, followed by the more 
concentrated samples.   
2.7 Data Analysis 
The effect of biochar on P and N retention was determined using ANOVA from GenStat 13. 
A two-way repeated measures ANOVA analysis was undertaken to determine the effect of 
biochar, effluent and any biochar-effluent interaction. A p-value of < 0.05 was used to 
determine significant differences between treatments means, while p-value greater than 0.05 
and less than 0.10 were considered marginally significant to highlight trends that may be 
important and is consistent with Taghizadeh-Toosi et al. (2011) and Armstrong et.al. (2011). 
In the subsurface drainage analysis, an “irrigation period” is the term used to describe the 
subsurface drainage collected from an irrigation plus the subsurface drainage collected in the 
following weeks, up until the next irrigation event. The mass loading treatment means used in 
ANOVA were derived by calculating the cumulative mass per irrigation period per box and 
averaged by treatment. This method averaged out the differences in mass loadings between 
the weeks where effluent was added and the following weeks where only water was added. 
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The mean weekly mass load of the inorganic N species in the subsurface flow was calculated 
by summing the mass of the N species for each week in the irrigation period cycle, then 
taking the average of each week for each treatment and analysed for significance.  
The overall treatment mean concentration in the subsurface flow for each variable was 
calculated for each watering and irrigation event. An ANOVA test was then undertaken to 
determine the difference in concentration for each week.  
 
  
 48 
 
3 Results 
3.1 Biomass  
With effluent present, the biochar had no effect on total dry matter yields (p = 0.55), with 
ENC and EBC producing 344 g m
-2
 and 364 g m
-2
 respectively. Without effluent, dry matter 
yields for WNC and WBC were 250 g m
-2
 and 274 g m
-2
. This was not a significant increase 
(p = 0.20) with the addition of biochar, but a significant increase with the addition of effluent 
(p < 0.001). 
Differences in cumulative dry matter between water and effluent treatments started to become 
apparent from March, this was due to the single trial application of effluent in January 2011. 
The difference became more significant with regular addition of effluent from April, as seen 
in Figure 3-1.   
 
Figure 3-1: Average data for cumulative biomass dry matter yield (g m
-2
) determined 
over 7 months for the different water-effluent-biochar treatments (error bars 
= SEM). 
Daily growth rates averaged 0.97 g m
-2
 for WNC, 1.06 g m
-2
 for WBC, 1.34 g m
-2
 for ENC 
and 1.41 g m
-2
 for EBC for the 261 days of this experiment. Addition of biochar did not have 
a significant effect on daily dry matter yields either with effluent (p = 0.89) or without (p = 
0.21).   
Regular addition of effluent had a significant effect (p < 0.001) on mean daily dry matter from 
the June harvest (Figure 3-2). This effect was maintained throughout the remainder of the 
experiment.  
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Figure 3-2: Average data for mean daily biomass dry matter yield (g m
-2
 day
-1
) 
determined over 7 months for the different water-effluent-biochar treatments 
(error bars = SEM). 
The total mass of N taken up by the Carex plants was determined to be 6790 mg m
-2
 for ENC 
and 7310 mg m
-2
 for EBC. The effect of biochar was not statistically significant with the 
effluent (p = 0.40) or without (p = 0.12). Figure 3-3 shows a significant increase in N-uptake 
from the plants receiving effluent compared to those receiving water (p < 0.001). 
 
Figure 3-3: Average data for cumulative N in dry matter (mg m
-2
) determined over 7 
months for the different water-effluent-biochar treatments (error bars = 
SEM). 
The mean total P uptake for ENC was 492 mg m
-2
 compared to a mean total P uptake for EBC 
of 532 mg m
-2
. This was not statistically significant (p = 0.84). Figure 3-4 illustrates a 
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significant increase in P-uptake from EBC and ENC compared to WBC and WNC (p < 
0.001). However there was a not-significant positive impact on plant P uptake due to the 
addition of biochar overall (p = 0.16). 
 
Figure 3-4: Average data for cumulative P in dry matter (mg m
-2
) determined over 7 
months for the different water-effluent-biochar treatments (error bars = 
SEM). 
3.2 Subsurface Drainage - Total Mass Load of Nutrients  
The total mass of N, organic N and inorganic N species was calculated from volume and 
concentration of the subsurface flow and summed by irrigation period. 
The mean total N in the subsurface flow from ENC was 3000 mg m
-2
 compared to 2850 mg 
m
-2
 from EBC. There was no statistical difference between these results (p = 0.35). Figure 3-5 
shows the significant positive influence of effluent (p < 0.001) on total N lost from the 
system. There was no difference in total N between WNC and WBC (p = 0.34) or between 
ENC and EBC (p = 0.35).  
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Figure 3-5: Average data for cumulative total N (mg m
-2
) determined in subsurface flow 
collected over 5 irrigation periods from the different water-effluent-biochar 
treatments (error bars = SEM). 
The mean total NH4
+
-N from ENC was 638 mg m
-2
 compared to a mean 295 mg m
-2
 for EBC. 
This was not significant (p = 0.13) due to the variability of the data. Figure 3-6 shows a 
pattern where there is an initial large increase in nutrients in the subsurface flow, followed by 
a levelling out with the EBC and a continual increase by the ENC. The final three irrigation 
events show an increasing disparity between biochar and no biochar treatments, however this 
effect was not observed long enough to be significant. 
 
Figure 3-6: Average data for cumulative total NH4
+
-N (mg m
-2
) determined in 
subsurface flow collected over 5 irrigation periods from the different water-
effluent-biochar treatments (error bars = SEM). 
The mean total NO3
-
-N for ENC was 190 mg m
-2
. This was significantly less (p < 0.05) than 
the mean total NO3
-
-N for EBC, which was 400 mg m
-2
. Figure 3-7 illustrated this 
significance.  
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The mean total NO2
-
-N for ENC was 5.39 mg m
-2
. This was significantly less (p < 0.05) than 
the mean total NO2
-
-N for EBC which was 23.1 mg m
-2
. Figure 3-8 illustrated this 
significance.  
 
Figure 3-7: Average data for cumulative total NO3
-
-N (mg m
-2
) determined in subsurface 
flow collected over 5 irrigation periods from the different water-effluent-
biochar treatments (error bars = SEM). 
 
Figure 3-8: Average data for cumulative total NO2
-
-N (mg m
-2
) determined in subsurface 
flow collected over 5 irrigation periods from the different water-effluent-
biochar treatments (error bars = SEM). 
The total mean organic N from ENC was 2160 mg m
-2
 compared to 1820 mg m
-2
 from EBC. 
The mean total organic N follows a similar trend to mean TN. There was a significant effect 
due to the addition of effluent (p < 0.001), but no significant effect due to the addition of 
biochar (p = 0.17), or any biochar-effluent interactions (p = 0.22).  
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Figure 3-9: Average data for cumulative total Organic N (mg m
-2
) determined in 
subsurface flow collected over 5 irrigation periods from the different water-
effluent-biochar treatments (error bars = SEM). 
Addition of effluent had a significant effect (p < 0.001) on the amount of TP and DRP present 
in the subsurface drainage. Addition of biochar reduced TP released (p < 0.10). The mean 
total P collected from ENC was 493 mg m
-2
 compared with 320 mg m
-2
 from EBC.  
Figure 3-10 shows that biochar reduced total P release in EBC compared to ENC after 
addition of effluent, followed by a plateau. This is a similar pattern to that seen in Figure 3-6.  
 
Figure 3-10: Average data for cumulative total P (mg m
-2
) determined in subsurface 
flow collected over 5 irrigation periods from the different water-effluent-
biochar treatments (error bars = SEM). 
The mean total DRP from ENC was 107 mg m
-2
, compared to 62.3 mg m
-2
 in EBC. This was 
not significant (p = 0.16). Figure 3-11 shows that reduction in DRP tends to follow the same 
pattern at Figure 3-10, where there is a significant increase in mass load with the addition of 
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effluent (p < 0.001), but with no significant effect from the addition of biochar (p = 0.24). 
There was also no significant biochar-effluent interaction (p = 0.16).   
 
Figure 3-11: Average data for cumulative total DRP (mg m
-2
) determined in subsurface 
flow collected over 5 irrigation periods from the different water-effluent-
biochar treatments (error bars = SEM). 
The mean total dissolved organic carbon (DOC) for ENC was 4750 mg m
-2
 compared to 3800 
mg m
-1
 from EBC. This was not statistically significant (p = 0.37). 
Figure 3-12 follows the same pattern as the nutrients, with a significant difference between 
the WNC-WBC and ENC-EBC (p < 0.001), and ENC higher on average than EBC but not at 
a level of statistical significance.  
 
Figure 3-12: Average data for cumulative total DOC (mg m
-2
) determined in subsurface 
flow collected over 5 irrigation periods from the different water-effluent-
biochar treatments (error bars = SEM). 
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3.3 Subsurface Drainage - Temporal Mass Load Comparison of N and P  
To further elucidate reasons for the changes in inorganic N composition, weekly subsurface 
flow samples were taken after each watering or irrigation event. Where effluent was added, 
this resulted in a cycle of adding effluent (Week 1), followed by three weekly waterings 
(Weeks 2, 3 and 4). This was repeated four times. The April subsurface flow samples did not 
follow this pattern and have been left out for this analysis.  
There was no statistical difference (p = 0.16) in Week 1 total NH4
+
-N means despite an 
average of 600 mg m
-2
 collected from ENC and 244 mg m
-2
 from EBC, due to the large 
variability in the data. There was a significant impact of time (p < 0.01). By Week 2, the mean 
values decreased to less than 1.6 mg m
-2
 for all treatments for the rest of the cycle. Therefore, 
mass loads of NH4
+
-N are associated with the addition of effluent in Week 1. 
The mean total NO3
-
-N collected from ENC in Week 1 was 15.6 mg m
-2
 compared to 107 mg 
m
-2
 from EBC. This is statistically significant (p < 0.05), but was not dependent on time (p = 
0.37). The concentration was approximately constant for the rest of the cycle.  
The mean total NO2
-
-N collected from ENC in Week 1 was 0.88 mg m
-2
 compared to 20.1 mg 
m
-2
 from EBC. This is statistically significant (p < 0.05) and it was dependent on time (p < 
0.01). By week 2, these means drop off significantly to less than 0.11 mg m
-2
 for all 
treatments for the rest of the cycle. Like NH4
+
-N, the mass load of NO2
-
-N was associated 
with the addition of effluent and is not mineralised during the other 3 weeks of the cycle. 
Figure 3-13 shows the effect of biochar on the different inorganic N species during the 
watering cycles. As can be seen when using a log scale, more NH4
+
-N and NO2
-
-N was 
collected in Week 1, with constant, negligible concentrations for the rest of the cycle. 
However, NO3
-
-N was relatively constant for the whole period.  
 
Figure 3-13: Log of average data for cumulative weekly NH4
+
-N,  NO3
-
-N, and NO2
-
-N 
(mg m
-2
) determined in subsurface flow collected over 4 irrigation periods 
from the different effluent-biochar treatments (error bars = SEM). 
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The Week 1 mean TP from ENC was 457 mg m
-2
 compared to 277 mg m
-2
 from EBC. This 
was not statistically significant (p = 0.14), but it is highly dependent on time (p < 0.001). 
Weeks 2, 3 and 4 have significant decreases in TP, remaining below 1.5 mg m
-2
 for the rest of 
the cycle.  
The mean total DRP collected from ENC in Week 1 was 93.9 mg m
-2
 compared to 45.1 mg m
-
2
 from EBC. This is not statistically significant (p = 0.15) and it was dependent on time (p < 
0.01). By week 2, these means dropped off significantly to less than 0.80 mg m
-2
 for all 
treatments for the rest of the cycle. Figure 3-14 shows that most of the TP and DRP were in 
the subsurface flow in the first week of the cycle, with minimal discharges in the following 3 
weeks suggesting little mineralisation and release of P without the addition of effluent. 
 
Figure 3-14: Average data for cumulative weekly TP and DRP (mg m
-2
) determined in 
subsurface flow collected over 4 irrigation periods from the different 
effluent-biochar treatments (error bars = SEM). 
  
0 
100 
200 
300 
400 
500 
600 
Week 1 Week 2 Week 3 Week 4 
M
e
an
 W
e
e
kl
y 
P
 s
p
e
ci
e
s 
(m
g 
m
-2
) 
Week in Irrigation Cycle 
EBCTP ENCTP EBCDRP ENCDRP 
 57 
3.4 Subsurface Drainage – Concentration 
The overall mean concentration was calculated for each treatment for each watering/irrigation 
event and averaged for all twenty samples. A summary of these results is presented in Table 
3-1.  
Table 3-1: Overall average data for the chemical composition of subsurface flow 
collected from the different water-effluent-biochar treatments over 7 months.  
  WNC WBC ENC EBC 
  Mean SEM Mean SEM Mean SEM Mean SEM 
Volume mL 1490 160 1680 37 1370 156 1240 234 
pH  7.29 0.093 7.21 0.056 7.15 0.047 6.99 0.171 
DOC mg L
-1 
14.1 1.14 10.6 0.78 28.3 6.10 27.6 4.59 
TN mg L
-1
 2.15 0.12 2.11 0.23 15.6 4.64 19.9 3.84 
TP mg L
-1
 0.16 0.02 0.16 0.03 2.04 0.96 1.49 0.58 
DRP mg L
-1
 0.02 0.002 0.05 0.02 0.49 0.19 0.38 0.15 
NH4
+
-N mg L
-1
 0.15 0.04 0.12 0.02 2.50 1.09 1.38 0.56 
NO3
-
-N mg L
-1
 0.83 0.09 1.07 0.08 3.86 0.91 8.98 1.87 
NO2
-
-N mg L
-1
 0.02 0.003 0.016 0.002 0.06 0.04 0.11 0.05 
 
There was a significant decrease in the average volume of subsurface flow from EBC and 
ENC compared to WBC and WNC (p < 0.05), however there was no effect on subsurface 
flow volume by the biochar (p = 0.84). 
There was a small, but significant, decrease in pH in the subsurface flow from EBC and ENC 
compared to WBC and WNC (p < 0.05), but there was no impact on pH by the biochar (p = 
0.13). 
The mean concentration of DOC and nutrients from each treatment was calculated for each of 
the five irrigation and fifteen watering events. 
Addition of effluent significantly increased the mean concentration of DOC and all nutrients, 
except NO3
-
-N, in the subsurface drainage for all irrigation events (p < 0.05). Differences 
between treatments became insignificant as the watering cycling progressed. The mean 
concentration of NO3
-
-N, however, had quite the opposite pattern. Addition of effluent for all 
five irrigation events did not have a significant effect on the concentration of NO3
-
-N in the 
subsurface drainage, however 13 out of 15 watering events had a significant increase (p < 
0.05) in NO3
-
-N compared to the water-only treatments.   
Addition of biochar did not have any significant effect on the concentration of DOC in any of 
the irrigation events (p = 0.17 - 0.69) or in any of the watering events (p = 0.12 - 0.79). The 
effect of the effluent and biochar can be seen in Figure 3-15.  
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Figure 3-15: Mean concentration of DOC (mg L
-1
) for each irrigation and watering 
event from the different water-effluent-biochar treatments (error bars = 
SEM). 
As seen in the previous section, the mass load of TP, DRP, NH4
+
-N, and NO2
-
-N in the 
subsurface drainage throughout the watering cycle was dominated by the addition of effluent, 
with comparatively negligible discharges in the weeks that followed. This pattern is seen in 
Figure 3-16, Figure 3-17, Figure 3-18, and Figure 3-19. For this reason, the effect of biochar 
on concentration will only be considered for the five additions of effluent, but not for the 15 
watering events for these nutrients.  
The mean concentration of TP in the subsurface drainage was less in EBC than in ENC for all 
five irrigation events, however this reduction was only significant in the June irrigation event 
(p < 0.05). The remaining four events were not significant (p = 0.14 - 0.60). 
 
Figure 3-16: Mean concentration of TP (mg L
-1
) for each irrigation and watering event 
from the different water-effluent-biochar treatments (error bars = SEM). 
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The mean concentration of DRP in the subsurface drainage in EBC was generally less than 
from ENC, with a reduction seen in 4 out of 5 irrigation events. The mean concentrations of 
DRP in the subsurface drainage in EBC were generally less than from ENC, but there 
differences were only marginally significant (p < 0.10) on 11 May 2011, where EBC had a 
mean concentration of 0.49 mg L
-1
 and compared to 1.96 mg L
-1
 from ENC. There was no 
statistical difference in the concentration of DRP between ENC and EBC otherwise (p = 0.21 
- 0.60).  
 
Figure 3-17: Mean concentration of DRP (mg L
-1
) for each irrigation and watering event 
from the different water-effluent-biochar treatments (error bars = SEM). 
The mean concentration of NH4
+
-N from the subsurface drainage from EBC was less than 
ENC in all five irrigation events, however this was marginally significant (p < 0.10) in the 
July and August irrigations. There was no statistical difference for the other three events (p = 
0.12 - 0.86). 
 
Figure 3-18: Mean concentration of NH4
+
-N (mg L
-1
) for each irrigation and watering 
event from the different water-effluent-biochar treatments (error bars = 
SEM). 
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The mean concentration of NO2
-
-N in subsurface drainage was generally greater from EBC 
than from ENC, with the April irrigation the only exception. The addition of biochar 
significantly reduced the concentration of NO2
-
-N (p < 0.05) for the April irrigation, but 
significantly increased the concentration in June (p < 0.05) and marginally significant (p < 
0.10) increase in July. 
 
Figure 3-19: Mean concentration of NO2
-
-N (mg L
-1
) for each irrigation and watering 
event from the different water-effluent-biochar treatments (error bars = 
SEM). 
Addition of biochar reduced the mean concentration of TN in the subsurface drainage in all 
five irrigation events. The April and June irrigation events might have been significant 
reductions (p < 0.10), but the remaining 3 irrigation events did not have a significant 
reduction in the concentration (p = 0.28 - 0.64). However, these reductions were countered by 
the significant increase in concentration of TN in the subsurface drainage during the watering 
events. Addition of biochar significantly increased the TN concentration in 11 out of 15 
watering events (p < 0.05). A further watering had a potentially significant increase (p < 
0.10), while one event did not have enough volume to be sampled. The remaining two were 
not statistically significant (p = 0.77, p = 0.11). 
Addition of effluent had a significant effect on the mean concentration of TN for all irrigation 
and watering events (p < 0.05), with an increase in TN concentration in both EBC and ENC 
throughout the full watering cycle. 
The pattern for TN concentration from EBC is seen in Figure 3-20. Like DOC, TP and NH4
+
-
N, TN has a peak during the addition of effluent but, unlike the other nutrients, TN continues 
to discharge throughout the watering cycle. ENC, however, tends to have higher peaks, but 
drops off more rapidly, which is more similar to the other nutrients. 
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Figure 3-20: Mean concentration of TN (mg L
-1
) for each irrigation and watering event 
from the different water-effluent-biochar treatments (error bars = SEM). 
The mean concentration for NO3
-
-N was generally higher from EBC, with 4 out of 5 irrigation 
events showing an increase. Only the August irrigation might have been significant (p < 
0.10), with a concentration of NO3
-
-N of 0.88 mg L
-1
 from EBC compared to 0.25 mg L
-1
 
from ENC. The effect of biochar was most prominently seen in the watering events. Addition 
of biochar significantly increased the concentration of NO3
-
-N in 9 out of 15 watering events 
(p < 0.05).  The July 28 watering event may have had a significant increase in NO3
-
-N 
concentration (p < 0.10) from the addition of biochar, while the remaining 4 watering events 
had non-significant increases (p = 0.14 - 0.96). The April 12 sample was not tested as there 
was not enough volume. 
Figure 3-21 shows the significant effect on NO3
-
-N concentration in subsurface drainage from 
the addition of effluent and biochar. Both ENC and EBC have a peak in concentration the 
week after an irrigation event, with gradual declines over the rest of the watering cycle. This 
pattern was more extreme from EBC and could account for the similar pattern seen in Figure 
3-20.     
 
Figure 3-21: Mean concentration of NO3
-
-N (mg L
-1
) for each irrigation and watering 
event from the different water-effluent-biochar treatments (error bars = 
SEM). 
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3.5 Soil 
Data for soil analyses carried out after the completion of the experiment is shown in Table 
3-2. 
Table 3-2: Average data for the chemical composition of soil collected after the different 
water-effluent-biochar treatments at the completion of the experiment. 
  WNC WBC ENC EBC 
 Units Mean SEM Mean SEM Mean SEM Mean SEM 
pH  5.95 0.07 6.04 0.03 5.99 0.01 5.92 0.05 
% C % 3.14 0.247 4.51 0.206 3.09 0.398 5.19 0.251 
% N % 0.20 0.001 0.18 0.003 0.21 0.004 0.20 0.008 
TP mg/kg 508 26.9 532 11.1 675 40.9 643 52.9 
C:N Ratio  15.9 1.36 24.7 1.34 14.9 1.38 26.4 3.16 
There was a significant increase in % N and TP from the addition of effluent (p < 0.05, p < 
0.01). Addition of biochar significantly decreased % N compared to WNC (p < 0.05), but did 
not make a significant difference when effluent was added (p = 0.52).  
Biochar significantly increased % C and the C:N Ratio (p < 0.001), however this effect was 
minimised by the addition of effluent (p = 0.22, p = 0.51). The addition of effluent had no 
significant impact on % C or C:N Ratio (p = 0.29, p = 0.87). 
Addition of effluent or biochar did not have a significant effect on soil pH (effluent p = 0.39, 
biochar p = 0.93). However there was a minor Biochar + Effluent interaction on soil pH (p < 
0.10).   
3.6 Summary of Results 
 Biochar significantly increased the mass load of NO3
-
-N and NO2
-
-N in the subsurface 
drainage by 210% and 430%, respectively, while also decreasing the mass load of 
NH4
+
-N by 54%, although not significant.  
 Biochar significantly increased the concentration of NO3
-
-N and NO2
-
-N in the 
subsurface drainage by 230% and 83%, respectively.  
 Addition of effluent had a significant 7% increase of % N and 24% increase of TP in 
the soil. 
 Biochar did not have any significant effect on TN.  
 Biochar significantly increased C:N ratio in the soil by 83%. 
 The total mass of NH4
+
-N and NO2
-
-N in the subsurface flow was significantly 
dependent on the time in the irrigation cycle. 
 The total mass of NO3
-
-N was not dependent on time, with a consistent discharge 
throughout the irrigation cycle. 
 No significant positive or negative effect of biochar on plant growth. 
 There was a trend for biochar addition to reduce the mass load of TP by 35% in the 
subsurface drainage. 
  
 63 
 
4 Discussion 
4.1 Biochar Effects without FDE 
There were no significant effects of biochar addition without effluent on:  
 biomass yield 
 plant nutrient uptake 
 concentration and mass load of TN, TP, DRP, NH4
+
-N, DOC in subsurface drainage. 
Addition of biochar increased the mass load of NO3
-
-N and NO2
-
-N from the subsurface 
drainage, considered further in section 4.3.1.2.1.  
Therefore, the focus of the following discussion will be on the effect of biochar where 
effluent was applied. 
4.2 Effect of Biochar on Biomass Yield and Nutrient Uptake 
Biochar had no significant effect on biomass yields. This was somewhat unexpected as 
Atkinson et al. (2010) found that 90% of studies reported an increase in biomass yields with 
the addition of biochar from a range of soil types and sources of biochar. However, 
Taghizadeh-Toosi et al. (2011) and Knowles et al. (2011) used similar soil and biochar and 
found no effect of biochar on dry matter yields at application rates of 30 t ha
-1
, even with the 
presence of added N. The findings from this current experiment were consistent with these 
results.  
Positive biomass yield responses through biochar amendment to soil have been attributed to 
liming effects (Chan and Xu, 2009), improved soil structure (Chan et al., 2007), increased 
WHC (Anderson et al., 2011), stimulation of the microbial population (Thies and Rillig, 
2009) and indirect or direct nutrient effects (Chan and Xu, 2009).  
The biochar used had a low CEC and inherent nutrient content, and had no effect on the soil 
pH. The amount of nutrients added with the effluent would also far exceed any direct nutrient 
effects from biochar. Possible explanations for the differences in results could be that the 
duration of this experiment was quite short, the high initial nutrient content of the plants and 
the use of a soil obtained from grazed pasture.  
Major et al. (2010) found significant improvements in biomass yield 4 years after biochar 
application. Also, the native Carex secta plants had a high P content (2100 mg kg
-1
) prior to 
the start of the experiment, which may influence the nutrient requirements. Finally, the 
greatest improvements in biomass yields through biochar amendment have been with highly 
weathered, tropical soils with a low pH (Noguera et al., 2010) or in nutrient poor, sandy soils 
(Busscher et al., 2010) (Novak et al., 2009).  
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4.3 Effect of Biochar on Nutrient Loss in Subsurface Drainage 
4.3.1 Nitrogen  
4.3.1.1 Total N  
Addition of biochar to the soil did not have any significant effect on the amount or 
concentration of TN in the drainage. This was unexpected as numerous studies linked biochar 
amendment in soils to a reduction of TN mass load in the leachate. Ding et al. (2010), Steiner 
et al. (2010) and Van Zwieten et al. (2010a) attribute the decrease of TN to retention of NH4
+
-
N in the soil, while immobilisation of N were possible mechanisms suggested by Laird et al. 
(2010) and Knowles et al. (2011).  
Knowles et al. (2011), in particular, is an interesting comparison as they found a reduction in 
the mass load of TN and NO3
-
 in leachate while using the same biochar and soil between May 
and September. The key difference in their study was the addition of biosolids instead of 
FDE. Biosolids have a much higher proportion of organic C (28%) compared to FDE (1.4%) 
and Knowles et al. (2011) suggests that N was immobilised by the high C content of the 
biosolids, reducing the total amount lost in the leachate. There was a negative biomass yield 
response with biochar + biosolids addition but not with biosolids alone, which may support 
this theory as reducing NO3
-
-N availability could retard plant growth. 
4.3.1.2 N fractions 
4.3.1.2.1 Mass Load 
Addition of biochar in EBC significantly increased the NO3
-
-N and NO2
-
-N mass load in the 
subsurface drainage by 210% and 430% respectively, compared to ENC. There was also a 
decrease in the mass load of NH4
+
-N by 54%. However, the overall proportion of inorganic N 
remained the same, at 28% of TN, for both EBC and ENC (Figure 4-1).  
Weekly analysis indicated that EBC produces the nitrifying intermediate species, NO2
-
-N, in 
much greater quantities than ENC in the week following effluent application. This indicates a 
stimulation of Nitrosomonas bacteria, which converts NH4
+
 to NO2
-
 according to reaction (4-
1) (O'Neill, 1998).  
4NH4
+
 + 6O2 → 4NO2
-
 + 4H2O + 8H
+
 + energy (4-1) 
A lack of NO2
-
-N during Weeks 2-4 of the watering cycle suggests rapid oxidation by 
Nitrobactor, the bacteria responsible for nitrification of NO2
-
-N to NO3
-
-N (reaction (4-2)) 
(O'Neill, 1998). A source of NO2
-
-N must exist within the system for the whole watering 
cycle, otherwise NO3
-
-N would not be discharged as consistently as it does in Weeks 2-4.  
4NO2
-
 + 2O2 → 4NO3
-
 + energy   (4-2) 
It has been proposed by Clough et al. (2010), Hossain et al. (2010) and Taghizadeh-Toosi et 
al. (2011) that NH4
+
-N is retained by the biochar through CEC interactions. Therefore, it is 
possible that the decrease in the mass load of NH4
+
-N in this experiment is due to a 
combination of rapid microbial conversion to NO2
-
-N and NO3
-
-N and absorbance to the 
biochar surface. This could explain the consistency of the NO3
-
-N discharge throughout the 
watering cycle. 
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Figure 4-1: Proportion of Organic-N, NH4
+
-N, NO3
-
-N, and NO2
-
-N determined in 
subsurface drainage from effluent-biochar treatments. 
Increasing nitrification rates through biochar amendment is somewhat unexpected as 
improved nitrification was mostly associated with temperate and boreal forest soils (DeLuca 
et al., 2009) and not so much for grassland (DeLuca et al., 2006) or agricultural soils 
(Lehmann et al., 2003; Rondon et al., 2007), which generally have higher populations of 
nitrifying bacteria. Clough et al. (2010) found addition of the same biochar actually slowed 
the rate of nitrification,  as NO2
-
-N concentrations from biochar-urine treatments peaked 10 
days later than urine only treatment. Anderson et al. (2011) found that the population of 
Nitrosovibrio was less in biochar amended soil, potentially retarding the production of NO3
-
.  
The studies that did find increasing rates of nitrification with biochar addition (Berglund et 
al., 2004; Gundale and DeLuca, 2006) attribute the increase in nitrification either to an 
increase in pH, increased WHC, absorption of toxic phenolic compounds or biochar providing 
a physical refuge (Lehmann et al., 2011).  
For this experiment, there was no liming effect due to the addition of biochar as the pH of the 
un-amended soil was 5.99, compared to 5.92 in the amended soils. There was also not likely 
to be an influence by increasing the WHC. Nitrification rates were most notable from the June 
irrigation event (Figure 3-7 and Figure 3-8), whereas any WHC effect was seen between 
January-April through the increase in mean daily yields (Figure 3-2). If nitrifying bacteria 
were benefiting from the improved access to moisture by an increase in WHC, significantly 
more NO3
-
-N and NO2
-
-N would have been collected from EBC than ENC in the first and 
second irrigation events. However, this effect only became apparent from the third irrigation 
event. 
Biochars are known to have a strong affinity for organic compounds (Cao et al., 2011; Chen 
et al., 2011; Lou et al., 2011; Sun et al., 2011). Absorption of phenolic compounds by biochar 
in the soil has been proposed as one mechanism for improving nitrification rates (Clough and 
0% 
25% 
50% 
75% 
100% 
ENC  EBC  
N
 S
p
e
ci
e
s 
as
 %
 o
f 
TN
 
Treatment Received 
Ammoniacal-N Nitrate-N Nitrite-N Organic-N 
 66 
Condron, 2010). However, Clough and Condron (2010) also suggested that microbially toxic 
polyaromatic hydrocarbons (PAHs) were produced during pyrolysis of the biochar used in the 
current experiment. No preparation of this biochar was made to remove these contaminants, 
therefore any positive effect of sorbing phenolic compounds might be countered by the 
presence of PAHs on the biochar itself. 
The final mechanism proposed by the literature for increased nitrification is that biochar 
provides a physical refuge for bacteria (Lehmann et al., 2011; Thies and Rillig, 2009). Thies 
and Rillig (2009) suggest the high internal surface area and ability to absorb gases and organic 
nutrients provide ideal habitats for microbes to colonise and reproduce. The microbial 
biomass present on the biochar compared to the soil was not investigated in this experiment, 
therefore while this is a possible mechanism for increased nitrification, it cannot be verified at 
this stage.  
Alternatively, at least part of the observed impact of biochars in N dynamics could have been 
due to a “priming effect”. The priming effect was described by Bingeman (1952) as the 
acceleration of decomposition of recalcitrant organic matter due to an increase of microbial 
biomass from addition of easily decomposable C. Quickly reproducing bacteria, r-strategists, 
seem to dominate during the initial input of fresh organic matter (FOM) but die out when their 
food source is exhausted, but the stable k-strategist bacteria feed on soil organic matter 
(SOM) and begin to dominate near the last stages of FOM decomposition (Fontaine et al., 
2003). In this experiment, filtered FDE is a plentiful source of DOC, which may stimulate r-
strategist colonies in both EBC and ENC. Schramm et al. (2000) found that r-strategist 
Nitrobacter, reaction (4-1) bacteria, can out compete k-strategist Nitrospira, a reaction (4-2) 
bacteria where there is an excess of nutrients and oxygen. If addition of biochar favoured 
Nitrobacter colonies, the priming effect could account for the increase in NO3
-
-N relative to 
ENC. However, this does not explain the comparative increase in NO2
-
-N. It is interesting to 
note in Figure 3-7 and Figure 3-8 that the increase in NO3
-
-N and NO2
-
-N with biochar 
addition was much less without the addition of effluent.      
One final possibility is that the reduced tensile strength of the biochar-amended soils 
improved the aeration within the soil. Tan et al. (2005) found that increased compaction was 
related to decreased nitrification rates. Also, increased leaching of NO3
-
-N is linked to soil 
disturbance activities, such as tilling, which increase soil aeration and stimulate N 
mineralisation (Merrington et al., 2002). Considering the dependence of nitrifiers on the 
availability of oxygen, it is proposed that improved aeration in the soil by biochar amendment 
supports nitrifying bacteria population.    
4.3.1.2.2 Concentration  
The addition of biochar in this experiment significantly stimulated nitrification in the soil and 
increased the concentration of NO3
-
-N in the subsurface flow by 230% compared to ENC. 
While the effects of NO3
-
-N are mostly associated with eutrophication, it can also have an 
acute toxic effect on waterways. Hickey and Martin (2009) found that amphipods were most 
sensitive to high concentrations of NO3
-
-N with an LC50 of 56.2 mg L
-1
 and invertebrates were 
more sensitive than fish. Based on this information, Hickey and Martin (2009) calculated that 
an acute NO3
-
-N concentration of 20 mg L
-1
 would provide protection to 95% of aquatic 
species. While addition of biochar significantly increased the concentration of NO3
-
-N from 
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an average of 0.91 mg L
-1
 to 1.87 mg L
-1
, the increase did not exceed the 95% trigger level 
concentration and was therefore not likely to have an acute toxic effect on aquatic species.  
There was a 45% decrease in the concentration of NH4
+
-N in the subsurface flow from the 
EBC compared to ENC. Although this difference was not statistically significant, it was 
consistent with Beck et al. (2011), Brockhoff et al. (2010), Dias et al. (2010) and Ding (2010) 
who all report significant decreases in NH4
+
-N in leachate after biochar application to the soil. 
A decrease in NH4
+
-N concentration is important as it may have significant implications for 
water quality. 
Ammonia and the NH4
+
-N are known to have a toxic effect on aquatic life. Randall et al. 
(2002) state that the NH4
+
 ion displaces K
+
 causing a chain reaction that ultimately ends with 
cell death in the central nervous system of aquatic species. For this reason, the ANZECC 
Freshwater Quality Guidelines recommend a maximum ammonia concentration of 2.3 mg L
-1
 
to protect 80% of aquatic species. This is reduced to 0.32 mg L
-1
 to protect 99% of species. 
Research in New Zealand found native fish species are sensitive to NH3 at concentrations 
between 0.75-2.35 mg L
-1
 (Richardson, 1997). New Zealand native freshwater invertebrate 
species were more sensitive, with a final acute value (FAV) of 0.15 mg L
-1
 (Hickey and 
Vickers, 1994). 
The ANZECC guidelines refer specifically to the concentration of ammonia, NH3, but does 
not state if this is the NH3 molecule, the concentration of N in the NH3 form (NH3-N) or the 
dissociated form usually found in aqueous solutions (NH4
+
/NH4
+
-N).  Assuming the 
ANZECC guidelines refer to NH4
+
, the measured values of NH4
+
-N in the subsurface 
drainage need to be converted by a factor of 1.28 to be compared with these values. 
Therefore, the converted mean NH4
+
 concentration in the subsurface drainage was 3.2 mg L
-1
 
from the ENC subsurface flow and 1.77 mg L
-1
 from the EBC subsurface drainage. The 
decrease in the concentration of NH4
+
 by the addition of biochar lowers the toxicity of the 
subsurface flow to within the ANZECC Guideline 80% trigger level.  
4.3.2 Phosphorus 
Any reduction of TP into a waterway will be beneficial for reducing the potential for 
eutrophication, particularly in systems that are limited by P. Biochar produced a 35% 
reduction on the mass load of TP in the subsurface drainage, and a non-significant 42% 
reduction in DRP. This is consistent with the literature, as Beck (2011), Yao (2011b), and 
Chen (2011) all reported decreases of TP in the leachate from soils amended with biochar.  
While the reduction in DRP was not significant, the mean proportion of DRP remained 
constant with EBC 20% and ENC 22% of TP indicating a decrease of both DRP and UP.  
Biochar may have reduced TP in subsurface drainage by a combination of retention of DRP 
and UP within the matrix of the biochar and/or increased specific adsorption of DRP to metal 
oxides present on the surface of the biochar.  
Unreactive P will not specifically adsorb to the surface of the biochar, therefore only physical 
mechanisms that retain sediments or particles will reduce UP in the subsurface drainage.  
Biochar might retain UP by holding onto FDE liquid and its associated suspended solids 
within the pores. The other possibility is that biochar amendment may reduce preferential 
flow, one pathway of UP mobility, by changing the structure of the soil. 
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Changes in soil texture following the addition of biochar have been observed (Atkinson et al., 
2010), but no research to date has looked specifically at how biochar-induced changes in 
texture can influence the mobility of nutrients. During this experiment, it was observed that 
the biochar-amended soils were not as prone to cracking and tended to have a noticeably 
weaker structure whereas the non-amended soils would form a hard, blocky shape that was 
difficult to crush with your fingers. These differences in textures would tend to induce 
preferential flow in the cracks of the non-amended soils.  
The addition of biochar has been shown to influence the chemical reactions of P within the P 
cycle by initiating precipitation and complexation reactions, and stimulating P-mineralising 
soil bacteria (DeLuca et al., 2009).  
The greatest effect biochar had with respect to P is in acidic soils, where a liming effect can 
stimulate P mobility. There was no change in the soil pH during this experiment by biochar, 
so there was no pH influence on P retention. However, DeLuca et al. (2009) postulates that 
the strong affinity of biochar for organic compounds involved with Al
3+
, Fe
3+
 and Ca
2+
 
chelation, such as organic acids, phenolic acids, amino acids and proteins, could enhance 
indirect P sorption. 
Yao et al. (2011b) found that P removal was strongly associated with the presence of MgO 
and was highly dependent on pH. At pH 6 (i.e. the final pH of the soil), MgO can react with 
phosphate to form mono- or polynuclear complexes, as seen in reactions (4-3) and (4-4). 
SMgO-OH2
+
 + H2PO4
-
      SMgOH2PO4 + H2O  (4-3) 
(mononuclear 0.12 < pH < 9.21) 
2SMgO-OH2
+
 + HPO4
2-
      (SMgO)2HPO4 + 2H2O  (4-4) 
(binuclear 5.21 < pH < 10.67) 
This mechanism was highly dependent on the type of biochar, with a digested sugar tailing 
biochar demonstrating much higher P removal than the raw sugar tailings biochar. The 
amount of Mg oxides present on the biochar used for this experiment was not tested, however 
alkaline earth metals in the ash of biochar are likely to be present and may exhibit this type of 
chemistry so the general concept might still be relevant to this experiment. 
Addition of biochar had a significant effect on nitrification and presumably associated 
bacteria. The increase in the C:P ratio combined with stimulation of bacterial communities 
may have immobilised added P. However, there did not seem to be an increase in the 
mineralisation of UP to DRP. There was no difference in the amount of TP or DRP in the 
subsurface drainage between EBC and ENC during Weeks 2-4 of the watering cycle.  If 
greater mineralisation were occurring, some difference between the treatments should be seen 
between effluent additions. Therefore microbial immobilisation of P may be an important 
mechanism for TP removal, but improving the availability of P for plant uptake through 
mineralisation is not in this experiment 
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5 General Discussion, Conclusions and Further Research 
5.1 General Discussion  
It is assumed that any contaminants collected in the subsurface drainage would enter a 
freshwater body without any other barrier, therefore the acute and long-term effects on a 
waterway need to be considered.  
The effects of eutrophication in a waterway are due to an excess of nutrients. For this reason, 
the total mass load of nutrients available to feed algal blooms is important when considering 
the effects of eutrophication. 
The concentration, or “strength”, of a discharge can have short-term acute toxic effects on the 
environment. Once in the waterway, the discharge is rapidly diluted, reducing the toxicity 
considerably. Contaminants such as NH4
+
 can be quickly oxidised in freshwater to NO3
-
, 
which is not as acutely toxic. The effect of the concentration of the subsurface flow should 
therefore be measured within a “mixing zone”, a section of a waterway where a discharge has 
not yet assimilated and may have an effect on aquatic species in that zone.  
The data indicated addition of biochar to the soil stimulated nitrification, reducing NH4
+
-N 
and significantly increasing NO3
-
-N, but had no effect on the amount of TN. The increase in 
NO3
-
-N does not increase the risk of eutrophication as there is no significant change in TN or 
inorganic N. However, there was a reduction of TP in the subsurface flow, which may reduce 
eutrophication in P-limited waterways, and a reduction in the concentration of NH4
+
-N, which 
may reduce acute toxicity. 
Overall, the results did tell a consistent story, despite not being significant for many 
parameters. Addition of biochar to the soils had, on average, an increase in biomass yield, 
increases in TN and TP uptake and decreases in TP, TN, DOC, DRP and NH4
-
-N in the 
subsurface drainage. Increases in NO3
-
-N and NO2
-
-N suggest a significant positive effect on 
microbial populations within the soil. These average results are what you would expect if the 
biochar was reacting in a manner that reflected the literature. It was the variability within this 
experiment that reduced the level of significance of these results. Further research in this area 
may clarify the effect of biochar on riparian zone soils. 
Furthermore, the reactivity of biochar is believed to increase over time as the surface 
weathers, increasing the number of oxygenated functional groups, which in turn increases the 
CEC of the biochar (Major et al., 2010; Nguyen et al., 2008).  Major et al. (2010) noted that 
the biomass yields from biochar amended soils increased significantly 4 years after 
application. In a real life application of this experiment, it is likely that nutrient retention will 
improve over time due to this weathering effect. 
Even without significant nutrient retention benefits, addition of biochar could be used in 
riparian zones to sequester carbon and reduce greenhouse gas emissions. The residence time 
of biochar in soils has been reported to be between 100 years (Zimmerman, 2010) and 10,000 
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years (Warnock et al., 2007), significantly influencing the C cycle by slowing down the rate 
of decomposition.  
Carbon sequestration by addition of biochar into riparian zones as they are established could 
be more efficient than tilling the biochar into the soil. The effect of biochar on plant yields 
and nutrient retention generally increases with application rate (Rondon et al., 2007), with 30 t 
ha
-1
 commonly used as a rate that seems to consistently see a result. The bulk density of the 
biochar used in this experiment was 0.2 kg L
-1
, therefore 150 m
3
 of biochar would be required 
to amend one 1 ha paddock at 30 t ha
-1
. This is equivalent to over 8 double-trailer truck loads 
of 20 m
3
. Depending on the distance travelled from the source of the biochar, it is highly 
likely that the trucks would emit more carbon transporting the biochar than it would sequester 
once in the soil. Also, once this volume is on site it is necessary to incorporate it into the soil. 
The easiest way to do this is to till the soil, however tilling tends to increase nitrate leaching 
as it increases N mineralisation (Merrington et al., 2002). Again, this is counterproductive 
when addition of biochar was intended to minimise N leaching. However, if biochar was 
incorporated into a 10 m wide, 100 m long riparian zone at an application rate of 30 t ha
-1
, 
only 10% of the biochar would be required. This reduces the volume of biochar required to 15 
m
3
, which can be transported by one truck. If biochar was incorporated during the 
establishment of a riparian zone, a shovel-full can be added to the hole dug for the plant and 
manually mixed into the soil. This reduces the area of land disturbed and therefore the amount 
of N mineralisation.  
However, incorporation of a recalcitrant source of C into the soil is not currently included as 
part of the Emissions Trading Scheme (ETS) in New Zealand, therefore there is no financial 
pay-back to users through carbon credits.  It is likely that a dairy farmer would be more 
inclined to make the effort to include biochar in a riparian zone if they were able to off-set 
their liabilities under the ETS. 
One final aspect to take into consideration is that biochar is likely to be defined as a 
“contaminant” when added to the soil. Most Regional Councils have a permitted activity rule 
relating to discharges of contaminants to land. However, it is common to have restrictions 
within those rules relating to how close to a waterway the discharge can occur, usually 
between 20 m - 50 m. While biochar itself should be inert, the definition of “contaminant” 
under the RMA 1991 includes a substance that changes the physical, chemical and biological 
condition of the land. Addition of biochar as a reactive barrier in riparian zones may therefore 
require a resource consent, which will likely be a further deterrent to landowners.  
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5.2 Conclusions 
 Biochar significantly increased the rate of nitrification, increasing the concentration 
and mass load of NO3
-
-N and NO2
-
-N and decreasing NH4
+
-N in the subsurface 
drainage. Stimulation of nitrifying bacteria by biochar addition could be due to 
improved aeration of the soil, pores providing physical protection from grazers or 
sorption of bactericidal PAHs. This result did not reduce the total amount of N 
entering the waterway during the course of this experiment. 
 Biochar generally decreased the mass load of TP in the subsurface flow. Potential 
mechanisms proposed include improving soil structure, reducing preferential flow and 
increasing absorbance of DRP through metal oxides present in the biochar. 
 Biochar did not increase nutrient uptake by the biomass. 
 Inclusion of biochar to riparian zone soils will not cause any harm to the plants in the 
riparian zone or the waterways they are adjacent to. Increases of NO3
-
-N was 
countered by non-significant decreases in NH4
+
-N, therefore total inorganic N did not 
change and did not increase the potential for eutrophication. There may be potential 
benefits to waterways from the decrease in the concentration of NH4
+
-N, reducing 
acute toxicity, and decreasing the mass load of TP, reducing potential for 
eutrophication. 
5.3 Further Research 
 The focus of this experiment was on the chemical transformations of nutrients within 
the soil. The results indirectly indicated a significant change in the composition of soil 
microbes, however the changes in the diversity and function of soil microbes was not 
measured. Further research should be undertaken to quantify the effect biochar had on 
the soil microbes. 
 Addition of biochar seemed to stimulate nitrifying bacteria in a simulated riparian 
zone. Further research could be undertaken on wetlands, where the conditions are 
generally saturated. If biochar addition stimulates microbes in general, the change in 
saturation may support denitrifying bacteria and increase N removal. 
 By necessity, the duration of this experiment was very short, April-September, and 
only included the months of least growth due to cooler temperatures and less available 
sunlight. The amount of time only showed that nitrification rates increased, but did not 
determine the impact of increasing nitrification rates. Increased nitrification increases 
the pool of NO3
-
-N within the soil. Nitrate is essential for plant growth, but it is also 
easily leachable. Therefore, increased nitrification may result in improved plant uptake 
of nutrients and greater reduction in the total N lost into waterways or it may increase 
N losses through leaching and have a significant negative effect on waterways. Further 
research extending this experiment to include a full growing season would allow a 
better understand of the overall effect of increasing nitrification rates. 
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 If biochar is to be used to minimise the effects of nutrient loss through riparian zones 
or wetlands, some will be lost into waterways as it is easily mobilised due to its low 
bulk density. The long term effect of biochar in water is not known. Further research 
should be undertaken to determine the toxicity of biochar in water over time, including 
how quickly it is decomposed and the products produced during breakdown. The 
effect of biochar on waterways is likely to depend on the type of feedstock and method 
of preparation. Ash content, PAHs, nutrient content and pH vary considerably between 
different biochars and may have significantly different outcomes on toxicity when in 
water.  
 This experiment showed promising results for removing TP and NH4
+
-N in biochar-
amended soils, considering the low number of replicates. Further research could be 
undertaken to identify whether this trend is correct by increasing the number of 
replicates, increasing the time of the experiment and/or doing a field trial.  
 One final aspect to consider is the legislative, financial and practical barriers faced by 
the end users of biochar. Carbon sequestration is not currently included in the ETS and 
the precautionary nature of the RMA (1991) may make it difficult for end-users to 
incorporate biochar into soils adjacent to waterways. Preparation, handling and 
transport may also limit the potential use of biochar, therefore a thorough 
understanding of the barriers faced by end-users of biochar will provide a clear 
direction for new research in order to address these issues.  
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6 Appendices 
 
 74 
Appendix 1: Summary of Regional Council rules relating to common land and water discharges 
Regional Council Plan Date in Effect Rule Type Discharge Activity Status 
Northland Regional Council Northland Water and Soil Plan 28 August 2004 15.3.2 
20.3.1 
23.3.2 
Treated sewerage, industrial or other to water Discretionary 
Northland Regional Council Northland Water and Soil Plan 28 August 2004 15.1.1-15.1.5 
20.1.2 
23.1.1 
Treated sewerage, animal effluent, industrial other to 
land 
Permitted 
Auckland Council Auckland Regional Plan: Farm, 
Dairy Discharges Plan 
17 May 1999 6.3.1.1-6.3.1.9 Specified two pond treated dairy effluent into water Controlled 
Auckland Council Auckland Regional Plan: Farm, 
Dairy Discharges Plan 
17 May 1999 6.2.1.1-6.2.1.5 Dairy effluent to Land Permitted 
Environment Waikato Waikato Regional Plan 27 October 2005 3.5.4.5 Any contaminant to water Discretionary 
Environment Waikato Waikato Regional Plan 27 October 2005 3.5.5.1 
3.9.4.11 
Dairy effluent and fertiliser to land Permitted 
Environment Bay of Plenty Bay of Plenty Regional Water and 
Soil Plan 
1 December 2008 37 Any contaminant to water Discretionary 
Environment Bay of Plenty Bay of Plenty Regional Water and 
Soil Plan 
1 December 2008 20 Fertiliser to Land Permitted 
Environment Bay of Plenty Bay of Plenty Regional Water and 
Soil Plan 
1 December 2008 32 Dairy effluent to land Controlled 
Gisborne District Council Gisborne discharges to Land and 
Water Plan 
8 July 2006 6.5.3 Point source discharges to water or land Discretionary 
Taranaki Regional Council Taranaki Freshwater Plan 8 October 2001 36 Treated dairy effluent to water Controlled 
Taranaki Regional Council Taranaki Freshwater Plan 8 October 2001 43 Other to water Discretionary 
Taranaki Regional Council Taranaki Freshwater Plan 8 October 2001 35 Dairy effluent to land Controlled 
Horizons Regional Council Manawatu-Wanganui Regional 
Land and Water Plan 
30 September 2003 DSW Rule 6 Other contaminants to water Discretionary 
Horizons Regional Council Manawatu-Wanganui Regional 
Land and Water Plan 
30 September 2003 DL Rule 2 
DL Rule 7 
Sewerage and fertiliser to land Permitted 
Horizons Regional Council Manawatu-Wanganui Regional 
Land and Water Plan 
30 September 2003 DL Rule 4 
DL Rule 8 
Agricultural effluent and whey to land Controlled 
Hawke’s Bay Regional Council Hawke’s Bay Regional Resource 
Management Plan 
28 August 2006 47 Discharge to water Permitted 
Hawke’s Bay Regional Council Hawke’s Bay Regional Resource 
Management Plan 
28 August 2006 11 
35 
37 
Sewerage and fertiliser to land  Permitted 
Hawke’s Bay Regional Council Hawke’s Bay Regional Resource 
Management Plan 
28 August 2006 14 Animal Effluent to land Controlled 
Greater Wellington Regional Council  Regional Freshwater Plan 17 December 1999 1 Minor contaminants to water Permitted 
Greater Wellington Regional Council  Regional Freshwater Plan 17 December 1999 5 All other contaminants to water Discretionary 
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Regional Council Plan Date in Effect Rule Type Discharge Activity Status 
Greater Wellington Regional Council  Regional Plan for Discharges to 
Land  
17 December 1999 12 Sewerage and Fertiliser to land Permitted 
Greater Wellington Regional Council  Regional Plan for Discharges to 
Land  
17 December 1999 13 Dairy shed effluent to land Controlled 
Marlborough District Council Marlborough Wairau Awatere 
Resource Management Plan 
13 March 2009 27.1.10.2 Discharge contaminants to water Discretionary 
Marlborough District Council Marlborough Wairau Awatere 
Resource Management Plan 
13 March 2009 30.1.8.2 
30.1.8.3 
30.1.8.9 
Sewerage, fertiliser and liquid wastes to land Permitted 
Tasman District Council Tasman Resource Management 
Plan 
1 November 2008 36.2.3.1 Any contaminant to water Discretionary 
Tasman District Council Tasman Resource Management 
Plan 
1 November 2008 36.1.2.1-36.1.2.11 Treated food production waste, animal effluent, 
sewerage to land 
Permitted 
West Coast Regional Council Proposed Regional Land and 
Water Plan 
17 September 2010 69 Any contaminant to water Discretionary 
West Coast Regional Council Proposed Regional Land and 
Water Plan 
17 September 2010 72 
73 
74 
Fertiliser, agricultural effluent or sewerage to land Permitted 
Environment Canterbury Natural Resource Regional Plan 27 October 2009 WQL1 Contaminant to surface water Permitted 
Environment Canterbury Natural Resource Regional Plan 27 October 2009 WQL8 
WQL17 
WQL31 
Sewerage, industrial or fertiliser to land Permitted 
Environment Canterbury Natural Resource Regional Plan 27 October 2009 WQL26 Animal effluent to land Controlled 
Otago Regional Council Regional Plan: Water 1 January 2004 12.13.1.1 Contaminant to water Discretionary 
Otago Regional Council Regional Plan: Water 1 January 2004 12.6.1 
12.8.1.2 
12.8.1.5 
Human sewerage, animal effluent or fertiliser to land Permitted 
Environment Southland Regional Water Plan 13 April 2010 1 Contaminant to water Discretionary 
Environment Southland Regional Water Plan 13 April 2010 10 Fertiliser to land Permitted 
Environment Southland Regional Effluent Land 
Application Plan 
30 May 1998 5.1 
5.4.1 
5.5.2 
Sewerage, animal effluent, or whey to land Permitted 
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Appendix 2: New Zealand Mean 10cm Earth Temperature (°C) (National Institute of Water and Atmospheric Research)
2
 
Location JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC YEAR 
KAITAIA 20.1 20.1 18.4 16.3 13.5 11.5 10.6 10.6 12.1 14.0 16.0 18.5 15.2 
DARGAVILLE 20.1 19.6 18.2 15.4 12.6 10.8 9.7 10.4 12.2 14.5 16.8 18.8 14.9 
AUCKLAND 20.3 20.2 18.6 15.7 12.9 10.7 9.4 10.2 12.0 14.2 16.5 18.6 15.0 
TAURANGA 19.6 19.6 18.2 15.5 12.3 10.0 8.7 9.6 11.3 13.6 16.1 18.0 14.3 
ROTORUA 18.6 18.4 16.5 13.3 9.6 7.5 6.2 7.0 9.0 12.2 14.7 16.8 12.5 
TAUPO 17.7 17.5 15.4 11.9 8.5 6.5 5.3 6.2 8.2 11.3 14.0 16.2 11.5 
HAMILTON 18.6 18.6 16.8 13.9 10.9 8.7 7.5 8.5 10.4 12.9 15.2 17.3 13.3 
NEW PLYMOUTH 18.8 18.8 17.0 13.9 10.9 8.8 7.7 8.6 10.4 12.7 15.1 17.2 13.3 
MASTERTON 17.8 17.5 15.4 12.2 8.9 6.8 5.9 6.5 8.7 11.4 14.1 16.5 11.8 
GISBORNE 19.8 19.0 16.9 13.3 9.8 7.7 6.8 7.9 10.2 13.4 16.2 18.6 13.3 
NAPIER 19.9 19.9 17.1 14.1 10.6 7.9 7.7 7.7 10.1 13.3 15.6 18.5 13.4 
PALMERSTON NORTH 18.1 17.9 16.1 13.2 10.4 8.1 7.0 7.7 9.9 12.4 14.6 16.8 12.7 
WELLINGTON 17.3 17.1 15.2 12.4 9.8 7.7 6.7 7.2 9.1 11.4 13.6 15.9 11.9 
WANGANUI 19.4 19.0 16.7 13.4 10.5 8.2 7.2 7.9 10.2 12.9 15.6 17.9 13.2 
KARAMEA 18.2 18.1 16.1 12.9 9.9 7.2 6.2 7.4 10.1 12.6 14.8 16.9 12.5 
HOKITIKA 17.0 16.8 14.8 11.9 8.8 6.1 5.0 6.1 8.6 11.3 13.7 15.7 11.3 
FRANZ JOSEF 15.5 15.8 14.2 11.8 9.1 6.9 5.7 6.8 8.8 10.7 12.7 14.1 10.9 
NELSON 17.9 17.5 15.7 11.8 8.0 5.6 4.4 5.8 8.7 11.9 14.4 16.5 11.5 
BLENHEIM 18.7 17.7 14.7 11.4 7.8 5.1 4.4 5.9 8.4 11.6 14.5 17.3 11.4 
HANMER 17.5 17.5 13.5 9.0 5.2 2.7 1.8 2.7 6.3 9.8 12.0 15.7 9.6 
CHRISTCHURCH 17.2 16.5 14.1 10.6 6.9 4.3 3.7 4.6 7.2 10.5 13.4 15.8 10.4 
TWIZEL 17.5 15.9 13.5 9.1 5.4 2.1 1.3 3.0 6.1 9.2 13.0 16.0 9.4 
TIMARU 17.2 16.4 14.0 10.6 6.7 3.9 3.1 4.3 7.7 11.0 13.7 15.9 10.4 
DUNEDIN 15.6 15.0 12.7 9.6 6.7 4.8 3.6 4.5 7.1 9.6 12.1 14.1 9.6 
CROMWELL 18.1 17.1 13.3 8.7 4.9 2.2 1.5 2.7 5.8 9.7 13.7 16.5 9.5 
ALEXANDRA 16.5 15.5 13.3 9.2 4.9 2.0 1.2 2.4 5.7 9.9 13.2 15.5 9.1 
INVERCARGILL 13.9 13.6 12.0 9.6 7.2 4.8 3.8 4.5 6.6 8.9 10.9 12.9 9.0 
CHATHAM ISLAND 15.7 15.5 14.1 11.9 9.3 7.6 6.7 7.3 8.6 10.5 12.5 14.7 11.2 
  
                                                 
2
 Cells highlighted light blue indicate months where average soil temperature is < 10°C, cells highlighted dark blue indicate months where mean soil temperature < 2°C 
 77 
Appendix 3: Mean Monthly Rainfall (mm) 1971-2000 (National Institute of Water and Atmospheric Research)
3
 
Location JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC YEAR 
KAITAIA 82 79 78 95 119 149 166 152 133 93 94 97 1334 
WHANGAREI 90 112 142 129 120 179 151 146 130 116 80 92 1490 
AUCKLAND 75 65 94 105 103 139 146 121 116 91 93 91 1240 
TAURANGA  74 78 128 105 91 128 122 115 104 94 85 87 1198 
HAMILTON 85 71 87 95 102 119 126 117 102 96 93 95 1190 
ROTORUA 99 101 115 112 104 134 130 148 119 122 102 115 1401 
GISBORNE  54 78 99 103 97 125 119 93 101 63 65 67 1050 
TAUPO  85 77 83 74 87 99 105 109 90 102 85 108 1102 
NEW PLYMOUTH  97 95 117 131 124 145 143 127 110 124 108 103 1432 
NAPIER  48 62 85 75 62 81 92 67 65 55 57 56 803 
WANGANUI 62 65 68 71 81 82 88 70 72 81 74 70 882 
PALMERSTON N 65 62 74 76 94 87 94 82 83 90 78 83 966 
MASTERTON 55 59 84 70 97 101 104 96 83 83 77 72 979 
WELLINGTON 72 62 92 100 117 147 136 123 100 115 99 86 1249 
NELSON  72 57 78 86 77 85 86 90 73 92 82 75 970 
BLENHEIM 47 27 54 64 58 56 71 70 44 70 43 54 655 
WESTPORT 189 133 171 192 209 199 187 187 201 198 183 215 2274 
KAIKOURA  47 59 92 81 71 75 80 78 70 74 60 54 844 
HOKITIKA  250 172 217 249 245 233 232 224 250 286 240 278 2875 
CHRISTCHURCH 42 39 54 54 56 66 79 69 47 53 44 49 648 
MT COOK 411 255 422 362 365 287 278 298 310 452 390 461 4293 
LAKE TEKAPO 41 35 52 52 50 58 52 62 51 57 41 48 600 
TIMARU  46 38 52 66 42 41 43 45 35 55 48 53 573 
MILFORD SOUND 717 499 640 585 641 440 418 427 523 688 522 648 6749 
QUEENSTOWN 78 58 80 75 89 82 65 73 69 95 72 77 913 
ALEXANDRA 29 22 40 34 35 26 23 24 27 41 26 43 360 
MANAPOURI  89 90 87 99 104 107 93 102 82 131 97 107 1164 
DUNEDIN 72 63 70 60 72 74 69 65 53 71 63 82 812 
INVERCARGILL 114 79 94 100 114 99 88 71 80 95 81 100 1112 
CHATHAM ISLANDS 54 55 74 70 93 99 95 76 71 63 59 55 855 
                                                 
3
 Highlighted cells indicate the three months of highest rainfall for a region. 
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Appendix 4: Table of p-values comparing the average effect of water-biochar-effluent 
treatments on the biomass 
 p-value 
 Water vs. Effluent 
No Biochar vs. 
Biochar 
Effluent + No 
Biochar vs. Effluent 
+ Biochar 
Dry Weight  <0.001 0.212 0.592 
Mean Daily Dry Weight  <0.001 0.216 0.127 
TP <0.001 0.156 0.843 
TN <0.001 0.119 0.404 
 
Appendix 5: Table of p-values comparing the average effect of water-biochar-effluent 
treatments on the composition of the subsurface flow 
 p-value 
 Water vs. Effluent 
No Biochar vs. 
Biochar 
Effluent + No 
Biochar vs. Effluent 
+ Biochar 
volume 0.049 0.839 0.235 
pH  0.026 0.127 0.580 
TN concentration <0.001 0.235 0.197 
TP concentration <0.001 0.004 0.005 
DRP concentration <0.001 0.199 0.066 
NH4
+
-N concentration <0.001 0.043 0.051 
NO3
-
-N concentration <0.001 0.001 0.003 
NO2
-
-N concentration  <0.001 0.220 0.139 
DOC concentration <0.001 0.305 0.580 
Mass of TN  <0.001 0.339 0.349 
Mass of TP  <0.001 0.088 0.091 
Mass of TDRP  <0.001 0.164 0.155 
Mass of TNH4
+
-N  0.003 0.134 0.134 
Mass of TNO3
-
-N  0.005 0.011 0.026 
Mass of TNO2
-
-N 0.004 0.004 0.003 
Mass of TDOC <0.001 0.165 0.371 
Weekly mass of TNH4
+
-N    0.174 
Weekly mass of TNO3
-
-N    0.271 
Weekly mass of TNO2
-
-N    0.029 
 
 
 
Appendix 6: Table of p-values comparing the average effect of water-biochar-effluent 
treatments on the final composition of soil 
 p-value 
 Water vs. Effluent No Biochar vs. Effluent + No 
 79 
Biochar Biochar vs. Effluent 
+ Biochar 
Mean pH  0.391 0.933 0.095 
Mean % C 0.294 <0.001 0.224 
Mean % N 0.015 0.021 0.518 
Mean C:N 0.874 <0.001 0.511 
Mean TP concentration 0.002 0.913 0.463 
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Appendix 7: Table of Total dry matter (g m
-2
) collected from Biomass per Harvest 
Treatment Box 21/01/2011 14/02/2011 22/03/2011 3/05/2011 1/06/2011 28/06/2011 6/08/2011 5/09/2011 
Sum Dry Matter 
(g m
-2
) 
WNC 
1 57.1 35.2 34.2 27.4 14.2 12.3 22.5 23.4 226 
4 52.7 41.9 44.4 32.2 19.7 13.1 24.7 20.3 249 
6 54.4 42.7 46.8 37.1 21.6 14.3 25.1 20.8 263 
8 51.1 43.0 48.9 28.1 19.1 15.2 29.0 27.5 262 
Trt 
Mean 
53.8 40.7 43.6 31.2 18.7 13.7 25.3 23.0 250 
WBC 
2 49.8 53.5 54.5 38.1 19.7 13.4 23.2 20.9 273 
3 50.4 44.3 48.5 35.8 18.4 12.5 22.8 21.5 254 
5 60.7 55.3 61.1 39.1 21.8 14.5 24.2 23.8 301 
7 45.9 45.3 51.8 38.0 21.5 15.4 26.8 21.4 266 
Trt 
Mean 
51.7 49.6 54.0 37.8 20.3 14.0 24.2 21.9 274 
EBC 
9 45.0 49.0 59.1 33.4 28.8 24.5 51.6 49.4 341 
11 49.1 53.4 60.8 43.9 29.8 21.5 43.3 45.6 347 
13 60.6 52.6 63.6 44.8 27.7 19.6 39.4 39.5 348 
15 53.3 54.6 66.5 52.4 43.1 30.1 59.1 59.2 418 
Trt 
Mean 
52.0 52.4 62.5 43.6 32.4 23.9 48.4 48.4 364 
ENC 
10 40.6 44.7 49.7 32.6 25.0 20.3 39.1 36.3 288 
12 58.6 56.4 55.9 38.7 27.0 21.4 41.9 38.6 338 
14 61.9 56.8 62.8 39.3 29.0 21.2 40.3 29.6 341 
16 50.0 50.8 68.7 47.6 44.9 31.8 61.6 51.2 407 
Trt 
Mean 
52.8 52.2 59.3 39.6 31.5 23.7 45.7 38.9 344 
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Appendix 8: Table of Total P (mg m
-2
) collected from Biomass per Harvest 
Treatment Box 21/01/2011 14/02/2011 22/03/2011 3/05/2011 1/06/2011 28/06/2011 6/08/2011 5/09/2011 
Box Sum TP 
(mg m
-2
) 
WNC 
1 79 58 49 32 21 23 36 39 338 
4 87 65 65 38 30 27 44 32 388 
6 91 67 64 47 38 33 54 39 432 
8 77 52 54 27 24 28 52 53 369 
Trt 
Mean 
84 61 58 36 28 28 47 41 382 
WBC 
2 75 73 67 44 28 25 37 32 380 
3 82 64 65 41 29 26 49 37 393 
5 94 80 80 48 34 30 40 40 447 
7 78 66 69 49 36 34 53 43 426 
Trt 
Mean 
82 71 70 45 32 29 45 38 412 
EBC 
9 75 70 71 36 37 42 87 87 505 
11 77 73 70 45 36 36 76 86 501 
13 105 83 77 48 35 31 69 69 517 
15 92 83 62 56 61 51 108 94 607 
Trt 
Mean 
87 77 70 46 42 40 85 84 532 
ENC 
10 64 59 52 33 29 32 72 69 410 
12 92 80 63 38 30 34 77 82 496 
14 100 81 77 39 34 34 69 56 490 
16 81 68 56 42 53 50 114 106 570 
Trt 
Mean 
84 72 62 38 36 37 83 78 492 
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Appendix 9: Table of Total N (mg m
-2
) collected from Biomass per Harvest 
Treatment Box 21/01/2011 14/02/2011 22/03/2011 3/05/2011 1/06/2011 28/06/2011 6/08/2011 5/09/2011 
Box Sum TN 
(mg m
-2
) 
WNC 
1 1004 540 481 394 208 201 372 356 3556 
4 1120 835 748 568 328 237 459 317 4611 
6 1134 831 844 656 345 245 419 310 4784 
8 1110 918 841 471 295 251 456 398 4739 
Trt 
Mean 
1092 781 728 522 294 234 427 345 4423 
WBC 
2 1087 1155 940 654 320 234 411 325 5125 
3 1062 900 856 619 304 230 405 332 4708 
5 1290 1243 1085 700 349 257 432 376 5731 
7 994 921 884 654 335 272 450 339 4849 
Trt 
Mean 
1108 1055 941 657 327 248 424 343 5103 
EBC 
9 926 1061 1227 696 601 519 1022 846 6898 
11 1063 1190 1216 807 578 430 853 767 6904 
13 1272 1201 1269 877 509 379 771 678 6956 
15 1163 1185 1289 1078 883 640 1195 1046 8479 
Trt 
Mean 
1106 1159 1250 865 642 492 960 835 7309 
ENC 
10 901 1037 1005 679 506 406 721 584 5839 
12 1258 1293 1123 738 521 428 778 623 6763 
14 1296 1130 1264 738 540 409 721 473 6570 
16 1063 1124 1401 929 859 658 1138 815 7987 
Trt 
Mean 
1129 1146 1198 771 606 475 839 624 6790 
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Appendix 10: Table of mean pH per box per irrigation event 
Treatment Box Irrigation 1 Irrigation 2 Irrigation 3 Irrigation 4 Irrigation 5 Box Mean pH 
WNC 
1 7.50 7.27 7.16 7.41 6.06 7.07 
4 7.51 7.51 7.95 7.39 7.27 7.05 
6 7.33 7.34 7.41 7.27 7.23 7.28 
8 7.46 7.16 7.30 7.25 7.24 7.52 
Trt 
Mean 
7.45 7.32 7.45 7.33 6.95 7.29 
WBC 
2 7.37 7.35 7.23 7.23 6.20 7.23 
3 7.20 7.36 7.43 7.24 7.13 7.31 
5 7.09 7.36 7.38 7.20 7.09 7.30 
7 7.25 7.33 7.40 7.38 7.14 7.27 
Trt 
Mean 
7.23 7.35 7.36 7.26 6.89 7.21 
EBC 
9 6.94 7.10 7.03 7.06 7.20 7.07 
11 6.86 7.21 7.15 7.25 7.14 7.20 
13 6.82 6.92 7.07 6.99 6.03 7.16 
15 6.93 6.83 7.00 6.97 7.05 7.11 
Trt 
Mean 
6.89 7.02 7.06 7.07 6.86 6.99 
ENC 
10 6.99 7.10 7.26 7.33 7.22 6.76 
12 6.92 6.98 7.31 7.14 7.07 7.25 
14 6.95 7.27 7.39 7.39 7.16 6.96 
16 6.99 7.07 6.91 7.24 6.92 7.04 
Trt 
Mean 
6.96 7.10 7.22 7.27 7.09 7.15 
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Appendix 11: Table of Mean Concentration of TP (mg L
-1
) per box per irrigation event 
Treatment Box Irrigation 1 Irrigation 2 Irrigation 3 Irrigation 4 Irrigation 5 
Box Mean TP 
(mg L
-1
) 
WNC 
1 0.16 0.22 0.22 0.16 0.11 0.17 
4 0.20 0.28 0.14 0.06 0.07 0.10 
6 0.14 0.17 0.13 0.07 0.06 0.19 
8 0.17 0.25 0.32 0.20 0.10 0.14 
Trt 
Mean 
0.17 0.23 0.20 0.12 0.08 0.16 
WBC 
2 0.13 0.13 0.13 0.08 0.07 0.18 
3 0.46 0.20 0.18 0.10 0.09 0.11 
5 0.44 0.21 0.16 0.11 0.09 0.13 
7 0.24 0.16 0.13 0.07 0.08 0.21 
Trt 
Mean 
0.32 0.18 0.15 0.09 0.08 0.15 
EBC 
9 3.48 2.76 2.21 0.66 0.56 1.54 
11 2.03 3.34 2.15 0.91 0.48 2.13 
13 1.60 2.84 3.01 0.95 0.51 1.62 
15 3.18 1.61 2.39 0.66 0.53 2.46 
Trt 
Mean 
2.57 2.64 2.44 0.79 0.52 1.59 
ENC 
10 3.10 2.77 3.83 1.16 0.52 1.76 
12 3.21 2.64 5.67 1.07 0.48 2.55 
14 1.52 3.26 6.07 1.31 0.63 1.44 
16 2.97 6.60 2.14 0.57 0.66 1.80 
Trt 
Mean 
2.70 3.82 4.43 1.03 0.57 2.24 
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Appendix 12: Table of Mean Concentration of DRP (mg L
-1
) per box per irrigation event 
Treatment Box Irrigation 1 Irrigation 2 Irrigation 3 Irrigation 4 Irrigation 5 
Box Mean 
DRP (mg L
-1
) 
WNC 
1 0.02 0.04 0.03 0.02 0.01 0.02 
4 0.01 0.01 0.01 0.01 0.01 0.01 
6 0.01 0.02 0.01 0.01 0.00 0.10 
8 0.05 0.04 0.03 0.03 0.01 0.01 
Trt 
Mean 
0.02 0.03 0.02 0.02 0.01 0.02 
WBC 
2 0.02 0.02 0.01 0.01 0.01 0.04 
3 0.37 0.13 0.05 0.03 0.02 0.01 
5 0.14 0.04 0.02 0.02 0.02 0.02 
7 0.03 0.02 0.02 0.01 0.01 0.03 
Trt 
Mean 
0.14 0.05 0.02 0.02 0.01 0.04 
EBC 
9 2.07 0.08 0.61 0.17 0.07 0.45 
11 0.68 0.45 0.75 0.37 0.09 0.70 
13 0.38 0.22 0.82 0.33 0.12 0.44 
15 1.53 0.20 0.33 0.14 0.05 0.54 
Trt 
Mean 
1.17 0.24 0.63 0.25 0.08 0.40 
ENC 
10 1.12 0.80 1.22 0.50 0.10 0.37 
12 1.42 0.15 1.04 0.40 0.08 0.49 
14 0.23 0.96 0.46 0.54 0.15 0.34 
16 1.29 1.19 0.29 0.08 0.02 0.38 
Trt 
Mean 
1.02 0.78 0.75 0.38 0.09 0.53 
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Appendix 13: Table of Mean Concentration of TN (mg L
-1
) per box per irrigation event 
Treatment Box Irrigation 1 Irrigation 2 Irrigation 3 Irrigation 4 Irrigation 5 
Box Mean TN 
(mg L
-1
) 
WNC 
1 1.98 2.50 2.34 1.56 1.40 1.91 
4 2.45 2.41 1.69 1.94 1.67 1.80 
6 3.95 2.04 1.38 1.73 1.41 2.14 
8 2.98 3.16 3.47 2.28 1.63 2.01 
Trt 
Mean 
2.84 2.53 2.22 1.88 1.53 2.13 
WBC 
2 2.66 2.50 1.42 1.48 1.47 2.30 
3 3.64 2.34 1.95 1.71 1.56 1.99 
5 4.56 2.35 1.76 1.84 1.67 1.98 
7 3.68 1.94 1.72 1.54 1.53 2.63 
Trt 
Mean 
3.63 2.28 1.71 1.64 1.56 2.06 
EBC 
9 22.77 30.10 30.10 43.95 10.18 16.47 
11 20.37 47.41 47.41 49.24 13.60 17.06 
13 21.60 41.39 45.99 49.84 28.37 16.44 
15 19.08 14.38 14.38 23.53 13.22 15.40 
Trt 
Mean 
20.96 33.32 34.47 41.64 16.34 18.42 
ENC 
10 27.45 27.20 22.26 9.82 5.58 20.96 
12 21.94 21.59 26.79 8.08 5.24 16.01 
14 16.08 25.34 25.29 9.15 5.91 19.81 
16 24.47 49.20 23.34 9.73 7.64 18.25 
Trt 
Mean 
22.48 30.83 24.42 9.20 6.09 16.68 
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Appendix 14: Table of Mean Concentration of NH4
+
-N (mg L
-1
) per box per irrigation event 
Treatment Box Irrigation 1 Irrigation 2 Irrigation 3 Irrigation 4 Irrigation 5 
Box Mean 
NH4
+
-N (mg L-1) 
WNC 
1 0.16 0.18 0.09 0.14 0.10 0.13 
4 0.13 0.08 0.09 0.13 0.09 0.11 
6 0.12 0.10 0.07 0.11 0.08 0.13 
8 0.63 0.41 0.07 0.14 0.09 0.10 
Trt 
Mean 
0.26 0.19 0.08 0.13 0.09 0.14 
WBC 
2 0.24 0.12 0.07 0.11 0.07 0.11 
3 0.12 0.25 0.08 0.13 0.07 0.09 
5 0.15 0.11 0.07 0.13 0.07 0.11 
7 0.20 0.11 0.07 0.11 0.09 0.24 
Trt 
Mean 
0.18 0.15 0.07 0.12 0.08 0.12 
EBC 
9 4.80 3.60 3.60 4.29 0.99 1.43 
11 2.34 9.07 6.39 6.44 0.48 3.29 
13 1.56 6.92 6.92 7.07 0.29 1.98 
15 3.14 0.75 0.75 1.42 0.28 2.10 
Trt 
Mean 
2.96 5.09 4.41 4.81 0.51 1.44 
ENC 
10 3.12 6.77 2.73 3.02 0.78 1.59 
12 3.38 3.44 1.84 2.26 0.56 3.67 
14 1.27 7.70 5.54 2.61 0.90 0.76 
16 3.69 11.08 0.32 0.25 0.64 1.59 
Trt 
Mean 
2.87 7.25 2.61 2.03 0.72 2.66 
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Appendix 15: Table of Mean Concentration of NO3
-
- N (mg L
-1
) per box per irrigation event 
Treatment Box Irrigation 1 Irrigation 2 Irrigation 3 Irrigation 4 Irrigation 5 
Box Mean 
NO3
-
- N (mg L
-1
) 
WNC 
1 0.90 0.32 0.29 0.33 0.47 0.44 
4 1.83 1.14 1.20 1.08 1.11 1.02 
6 2.20 0.55 0.92 0.88 0.85 0.96 
8 1.60 0.30 0.29 0.45 0.78 1.23 
Trt 
Mean 
1.63 0.58 0.68 0.68 0.80 0.81 
WBC 
2 1.67 0.85 0.97 0.97 0.83 1.14 
3 1.45 0.71 0.84 0.99 0.92 0.95 
5 2.39 0.82 0.99 1.01 0.86 1.14 
7 1.90 0.86 0.98 1.10 1.06 0.63 
Trt 
Mean 
1.85 0.81 0.94 1.02 0.92 1.07 
EBC 
9 7.94 7.59 7.59 12.78 16.09 6.98 
11 9.98 5.39 13.48 15.05 17.97 4.97 
13 9.08 4.15 4.15 11.73 16.28 7.26 
15 2.83 2.23 2.23 0.57 11.42 1.81 
Trt 
Mean 
7.46 4.84 6.86 10.03 15.44 7.92 
ENC 
10 14.62 7.12 3.58 1.96 0.77 7.24 
12 4.52 1.49 2.54 1.30 0.62 2.46 
14 5.01 2.79 2.54 1.88 0.85 10.20 
16 9.34 0.12 6.80 4.28 0.46 4.88 
Trt 
Mean 
8.37 2.88 3.87 2.35 0.67 3.53 
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Appendix 16: Table of Mean Concentration of NO2
-
- N (mg L
-1
) per box per irrigation event 
Treatment Box Irrigation 1 Irrigation 2 Irrigation 3 Irrigation 4 Irrigation 5 
Box Mean 
NO2
-
- N (mg L-1) 
WNC 
1 0.05 0.03 0.01 0.01 0.03 0.03 
4 0.02 0.01 0.02 0.01 0.02 0.02 
6 0.01 0.01 0.02 0.01 0.03 0.02 
8 0.02 0.01 0.01 0.03 0.03 0.02 
Trt 
Mean 
0.03 0.02 0.01 0.02 0.03 0.02 
WBC 
2 0.02 0.01 0.01 0.01 0.02 0.02 
3 0.02 0.01 0.01 0.01 0.03 0.02 
5 0.02 0.01 0.02 0.01 0.03 0.01 
7 0.01 0.00 0.00 0.01 0.03 0.02 
Trt 
Mean 
0.02 0.01 0.01 0.01 0.03 0.02 
EBC 
9 0.23 0.48 0.48 0.49 0.01 0.16 
11 0.25 0.00 0.01 0.01 0.01 0.06 
13 0.16 0.00 0.00 0.01 0.01 0.15 
15 0.01 0.15 0.15 0.29 0.03 0.06 
Trt 
Mean 
0.16 0.16 0.16 0.20 0.02 0.11 
ENC 
10 0.30 0.00 0.01 0.01 0.04 0.10 
12 0.46 0.00 0.01 0.01 0.03 0.03 
14 0.12 0.01 0.01 0.01 0.01 0.04 
16 0.61 0.00 0.03 0.03 0.02 0.11 
Trt 
Mean 
0.37 0.00 0.01 0.02 0.03 0.07 
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Appendix 17: Table of Mean Concentration of DOC (mg L
-1
) per box per irrigation event 
Treatment Box Irrigation 1 Irrigation 2 Irrigation 3 Irrigation 4 Irrigation 5 
Box Mean 
DOC (mg L
-1
) 
WNC 
1 8.91 25.60 25.74 17.67 11.24 17.88 
4 5.58 4.25 4.08 5.79 4.81 8.30 
6 12.24 19.34 8.51 8.32 5.87 13.69 
8 22.35 31.91 34.70 21.70 7.21 4.95 
Trt 
Mean 
12.27 20.27 18.25 13.37 7.28 14.16 
WBC 
2 10.45 11.65 7.20 7.20 6.34 10.83 
3 17.89 21.49 13.78 10.11 8.17 10.66 
5 14.78 13.86 8.94 10.81 7.74 8.65 
7 12.21 11.36 8.30 6.62 6.15 23.14 
Trt 
Mean 
13.83 14.59 9.55 8.68 7.10 10.37 
EBC 
9 29.11 47.19 47.19 79.24 17.51 32.96 
11 27.29 51.43 51.43 50.88 15.22 28.75 
13 27.03 59.82 59.82 60.17 15.61 26.92 
15 26.36 32.17 32.17 52.99 21.56 30.83 
Trt 
Mean 
27.45 47.65 47.65 60.82 17.47 28.99 
ENC 
10 27.88 49.01 35.95 17.89 15.31 28.39 
12 32.67 47.32 38.68 22.62 19.96 27.26 
14 22.94 47.44 34.40 17.60 15.26 27.70 
16 30.61 86.70 30.85 27.78 31.35 33.78 
Trt 
Mean 
28.52 57.62 34.97 21.47 20.47 30.16 
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Appendix 18: Table of Total TN (mg m
-2
) collected from Subsurface flow per Irrigation Event 
Treatment Box Irrigation 1 Irrigation 2 Irrigation 3 Irrigation 4 Irrigation 5 
Box Sum TN 
(mg m
-2
) 
WNC 
1 36 41 39 32 19 168 
4 61 63 41 48 26 239 
6 93 38 30 49 25 234 
8 31 57 62 51 23 225 
Trt 
Mean 
55 50 43 45 23 216 
WBC 
2 51 63 32 36 24 206 
3 68 49 41 40 27 226 
5 74 61 38 45 27 246 
7 63 48 39 38 32 220 
Trt 
Mean 
64 55 38 40 27 224 
EBC 
9 351 777 545 251 87 2010 
11 254 1491 668 352 149 2913 
13 429 1381 909 466 163 3347 
15 202 419 751 418 111 1900 
Trt 
Mean 
309 1017 718 372 127 2543 
ENC 
10 440 1318 1016 488 165 3428 
12 209 750 1210 380 117 2665 
14 334 1670 1259 466 204 3933 
16 178 873 603 223 87 1964 
Trt 
Mean 
290 1153 1022 389 143 2997 
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Appendix 19: Table of Total NH4
+
-N (mg m
-2
) collected from Subsurface flow per Irrigation Event 
Treatment Box Irrigation 1 Irrigation 2 Irrigation 3 Irrigation 4 Irrigation 5 
Box Sum NH4
+
-N 
(mg m
-2
) 
WNC 
1 1.8 4.9 1.7 1.9 1.1 11.5 
4 4.3 1.5 2.4 2.6 1.3 12.2 
6 3.6 1.3 1.6 2.3 1.5 10.2 
8 1.0 1.2 1.1 1.8 1.1 6.2 
Trt 
Mean 
2.7 2.2 1.7 2.1 1.3 10.0 
WBC 
2 2.6 1.9 1.7 2.3 1.1 9.5 
3 2.7 2.6 1.6 2.3 1.3 10.5 
5 3.3 2.2 1.6 2.6 1.4 11.1 
7 3.8 2.2 1.7 2.3 1.9 12.0 
Trt 
Mean 
3.1 2.2 1.6 2.4 1.4 10.8 
EBC 
9 89.2 118.6 17.7 6.0 5.4 236.9 
11 29.0 319.6 56.4 61.6 11.2 477.9 
13 32.3 240.3 49.5 46.4 15.2 383.8 
15 35.2 25.0 6.0 6.2 7.1 79.5 
Trt 
Mean 
46.4 175.9 32.4 30.1 9.7 294.5 
ENC 
10 53.6 459.4 145.1 152.1 25.1 835.3 
12 28.4 132.5 88.5 107.3 12.8 369.5 
14 30.8 583.6 309.0 161.7 31.8 1116.8 
16 19.5 196.6 6.9 1.4 7.0 231.3 
Trt 
Mean 
33.1 343.0 137.4 105.6 19.1 638.2 
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Appendix 20: Table of Total NO3
-
- N (mg m
-2
) collected from Subsurface flow per Irrigation Event 
Treatment Box Irrigation 1 Irrigation 2 Irrigation 3 Irrigation 4 Irrigation 5 
Box Sum NO3
-
-N 
(mg m
-2
) 
WNC 
1 19.5 9.3 6.9 7.0 6.1 49 
4 40.6 27.7 28.3 27.2 18.8 143 
6 61.9 12.0 21.0 22.7 14.9 132 
8 9.1 6.0 5.5 7.5 8.3 36 
Trt 
Mean 
32.8 13.8 15.4 16.1 12.0 90 
WBC 
2 31.3 18.2 20.7 23.4 13.1 107 
3 34.1 13.2 17.5 22.0 15.8 103 
5 46.6 19.2 21.5 24.3 15.0 127 
7 41.2 18.5 22.0 26.1 22.0 130 
Trt 
Mean 
38.3 17.3 20.4 23.9 16.5 116 
EBC 
9 73.8 7.9 65.9 54.1 5.7 207 
11 124.8 44.4 101.6 94.3 12.3 377 
13 163.0 62.5 120.0 144.2 21.5 511 
15 22.3 15.5 226.1 227.2 14.5 506 
Trt 
Mean 
96.0 32.6 128.4 130.0 13.5 400 
ENC 
10 197.4 31.3 48.9 30.4 9.1 317 
12 56.7 8.1 27.9 18.5 6.0 117 
14 67.2 20.2 34.0 34.1 10.2 166 
16 87.7 2.0 29.8 38.2 2.9 161 
Trt 
Mean 
102.3 15.4 35.2 30.3 7.0 190 
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Appendix 21: Table of Total NO2
-
- N (mg m
-2
) collected from Subsurface flow per Irrigation Event 
Treatment Box Irrigation 1 Irrigation 2 Irrigation 3 Irrigation 4 Irrigation 5 
Box Sum NO2
-
-N 
(mg m
-2
) 
WNC 
1 2.41 0.68 0.08 0.43 0.72 4.32 
4 0.33 0.19 0.26 0.36 0.61 1.75 
6 0.18 0.29 0.38 0.35 0.66 1.87 
8 0.75 0.19 0.13 0.99 0.73 2.79 
Trt 
Mean 
0.92 0.34 0.21 0.53 0.68 2.68 
WBC 
2 0.33 0.23 0.24 0.22 0.33 1.35 
3 0.52 0.28 0.31 0.20 0.43 1.75 
5 0.70 0.24 0.47 0.21 0.37 2.00 
7 0.24 0.12 0.08 0.35 0.46 1.25 
Trt 
Mean 
0.45 0.22 0.27 0.24 0.40 1.59 
EBC 
9 4.43 16.70 11.23 1.16 0.33 33.84 
11 3.07 0.03 20.35 6.75 0.91 31.11 
13 3.46 0.07 13.42 3.20 0.70 20.85 
15 0.12 5.12 0.47 0.50 0.41 6.62 
Trt 
Mean 
2.77 5.48 11.37 2.90 0.58 23.1 
ENC 
10 6.69 0.01 0.13 0.19 1.23 8.26 
12 3.86 0.05 0.17 0.17 0.51 4.75 
14 3.02 0.12 0.09 0.22 0.26 3.70 
16 3.18 0.08 0.61 0.75 0.24 4.87 
Trt 
Mean 
4.19 0.06 0.25 0.33 0.56 5.39 
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Appendix 22: Table of Total Organic N (mg m
-2
) collected from Subsurface flow per Irrigation Event 
Treatment Box Irrigation 1 Irrigation 2 Irrigation 3 Irrigation 4 Irrigation 5 
Box Sum ON 
(mg m
-2
) 
WNC 
1 13 26 30 23 11 103 
4 16 34 10 18 5 83 
6 27 25 7 23 8 90 
8 20 49 55 41 13 180 
Trt 
Mean 
19 34 26 26 9 114 
WBC 
2 17 43 10 10 9 88 
3 31 33 22 16 10 111 
5 24 40 15 18 10 106 
7 17 27 16 10 7 77 
Trt 
Mean 
22 36 15 13 9 96 
EBC 
9 183 633 450 189 75 1532 
11 97 1126 489 190 125 2027 
13 230 1078 726 272 126 2432 
15 144 373 518 184 89 1308 
Trt 
Mean 
164 803 546 209 104 1825 
ENC 
10 182 828 822 305 130 2267 
12 120 609 1093 254 97 2173 
14 233 1066 916 270 162 2647 
16 68 674 565 183 77 1567 
Trt 
Mean 
151 794 849 253 116 2164 
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Appendix 23: Table of Total P (mg m
-2
) collected from Subsurface flow per Irrigation Event 
Treatment Box Irrigation 1 Irrigation 2 Irrigation 3 Irrigation 4 Irrigation 5 
Box Sum TP 
(mg m
-2
) 
WNC 
1 2.9 2.6 3.0 4.1 1.4 14.2 
4 4.3 7.1 3.1 1.7 1.2 17.4 
6 3.2 4.3 2.9 1.9 1.1 13.4 
8 1.9 4.2 5.4 4.5 1.4 17.3 
Trt 
Mean 
3.1 4.5 3.6 3.1 1.3 15.6 
WBC 
2 2.4 3.3 2.6 2.1 1.2 11.7 
3 4.9 3.7 3.4 2.4 1.6 16.0 
5 4.9 6.4 3.2 2.8 1.5 18.9 
7 3.4 5.1 2.9 1.8 1.8 14.9 
Trt 
Mean 
3.9 4.6 3.0 2.3 1.5 15.4 
EBC 
9 65.5 92.7 71.4 30.2 9.9 269.7 
11 25.2 170.9 107.5 50.7 15.4 369.6 
13 33.0 184.9 146.4 52.1 15.5 431.9 
15 35.2 51.3 84.5 29.6 9.8 210.3 
Trt 
Mean 
39.7 125.0 102.4 40.6 12.6 320.4 
ENC 
10 48.5 185.1 202.8 70.6 17.4 524.4 
12 27.3 101.2 278.7 61.6 11.8 480.8 
14 36.0 241.7 335.2 79.4 23.8 715.9 
16 15.8 117.0 85.2 26.4 8.6 253.0 
Trt 
Mean 
31.9 161.2 225.5 59.5 15.4 493.5 
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Appendix 24: Table of Total DRP (mg m
-2
) collected from Subsurface flow per Irrigation Event 
Treatment Box Irrigation 1 Irrigation 2 Irrigation 3 Irrigation 4 Irrigation 5 
Box Sum DRP 
(mg m
-2
) 
WNC 
1 0.4 0.6 0.5 0.4 0.2 2.0 
4 0.3 0.4 0.2 0.2 0.1 1.3 
6 0.3 0.6 0.3 0.2 0.0 1.4 
8 0.6 1.2 0.6 0.5 0.1 3.0 
Trt 
Mean 
0.4 0.7 0.4 0.3 0.1 1.9 
WBC 
2 0.4 0.4 0.2 0.2 0.1 1.4 
3 2.5 1.8 0.9 0.6 0.4 6.2 
5 1.8 1.0 0.5 0.4 0.2 4.0 
7 1.0 0.8 0.4 0.3 0.2 2.6 
Trt 
Mean 
1.4 1.0 0.5 0.4 0.2 3.5 
EBC 
9 39.1 0.3 18.6 6.0 0.2 64.1 
11 8.5 22.7 35.9 19.3 2.4 88.8 
13 7.8 12.3 37.6 16.1 2.5 76.3 
15 17.1 0.3 9.9 4.3 0.2 31.8 
Trt 
Mean 
18.1 8.9 25.5 11.4 1.3 65.3 
ENC 
10 17.5 51.6 63.0 30.2 3.2 165.6 
12 12.2 4.1 48.8 21.9 1.7 88.6 
14 5.4 68.8 20.5 31.7 5.5 131.9 
16 6.9 21.1 9.6 2.4 0.1 40.1 
Trt 
Mean 
10.5 36.4 35.5 21.6 2.6 106.5 
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Appendix 25: Table of Total DOC (mg m
-2
) collected from Subsurface flow per box per Irrigation Event 
Treatment Box Irrigation 1 Irrigation 2 Irrigation 3 Irrigation 4 Irrigation 5 
Box Sum DOC 
(mg m
-2
) 
WNC 
1 136 386 434 381 171 1508 
4 143 117 101 137 70 568 
6 243 373 207 192 120 1135 
8 258 584 615 470 121 2047 
Trt 
Mean 
195 365 339 295 120 1315 
WBC 
2 188 321 170 181 102 963 
3 364 449 296 233 158 1500 
5 310 361 197 242 132 1243 
7 225 276 203 155 144 1003 
Trt 
Mean 
272 352 216 203 134 1177 
EBC 
9 477 1400 972 522 283 3654 
11 340 1591 1264 649 388 4231 
13 516 1881 1254 648 430 4728 
15 269 939 665 430 286 2588 
Trt 
Mean 
401 1452 1039 562 347 3801 
ENC 
10 448 2351 1495 682 363 5338 
12 340 1276 1380 717 320 4033 
14 451 3109 1668 715 444 6386 
16 228 1537 723 495 276 3259 
Trt 
Mean 
367 2068 1316 652 351 4754 
 99 
Appendix 26: Table of final composition of soil for each box 
Treatment Box pH % C % N C:N Ratio TP (mg/kg) 
WNC 
1 6.08 3.67 0.20 18.80 517.7 
4 5.98 4.94 0.19 26.54 563.6 
6 6.10 4.33 0.18 24.32 528.6 
8 6.03 3.45 0.20 17.51 550.2 
Trt 
Mean 
5.95 3.14 0.20 15.88 507.9 
WBC 
2 6.01 4.74 0.18 26.95 519.1 
3 5.77 2.63 0.20 13.07 534.2 
5 6.05 4.02 0.19 21.08 514.8 
7 5.93 2.82 0.20 14.14 429.6 
Trt 
Mean 
6.04 4.51 0.18 24.73 531.5 
EBC 
9 5.88 5.26 0.21 25.16 484.3 
11 6.01 3.02 0.20 14.81 555.8 
13 6.04 6.27 0.18 35.60 691.9 
15 5.98 3.81 0.20 18.76 718.2 
Trt 
Mean 
5.92 5.19 0.20 26.38 643.0 
ENC 
10 5.93 4.71 0.20 23.35 698.0 
12 5.98 2.88 0.22 13.13 737.0 
14 5.82 4.49 0.21 21.43 697.8 
16 6.00 2.66 0.21 12.74 688.1 
Trt 
Mean 
5.99 3.09 0.21 14.86 674.8 
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